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Abs t rac t  

Hydrocracking o f  coal-based o i l s  needs h i g h e r  hydrogen pressure when 

compared t o  petroleum o i l s  and both types o f  o i l s  a f f e c t  a lmost  s f m i l a r  

naphtha y i e l d s  o f  77 t o  80% a t  a pressure o f  2000 p.s. i .  and 500'C. 

based o i l s  produce naphtha o f  super io r  q u a l i t y  bu t  w i t h  h i g h e r  hydrogen con- 

sumption. A t  about 80% y i e l d ,  naphtha f rom coa l  o i l  had a c l e a r  research 

octane number o f  88 w i t h  a hydrogen consumption o f  about 1550 cu. ft. per  

b a r r e l  o f  feed, whereas the  product  f rom gas o i l  has an octane number of 78 

w l t h  a hydrogen consumption o f  o n l y  about 1125 cu. ft. Both types o f  o i l s  

e x h l b l t e d  s i m i l a r  k l n e t i c  behavior  w i t h  a c t i v a t i o n  energ ies ranging from 

14,000 t o  16,000 c a l  ./mole. The hydrocrack ing o f  coal-based and petroleum 

011s must be preceded by the  h y d r o r e f i n i n g  o f  the  feed s tocks t o  ensure low 

coke y i e l d  and longer  c a t a l y s t  l i f e .  The disadvantages associated w i t h  the  

processing o f  coal-based o i l s  can be o f f s e t  by the  s u p e r i o r  q u a l i t y  o f  t h e i r  

products, thereby a f f e c t t n g  the  o v e r a l l  p r m e s s i n g  almost s i m i l a r  t o  pe t ro -  

Coal- 

* 

. lcun o i l s .  

I n t r o d u c t i o n  

Hydrocracking i s  employed i n  the petroleum i n d u s t r y ,  i n  recent  years, 

f o r  the  processing of d i f f e r e n t  types o f  feed stocks (Cra ig  and Fors te r ,  

1966; Du i r ,  1967). 

i n g  o f  coa l -der ived  l i q u i d s  (A lpe r t ,  e t  a l . ,  1966, Katsobashv i l i  

I t  was a l s o  app l ied  as a p o t e n t i a l  method f o r  the  r e f i n -  

and E l b e r t ,  



88 

1966). 

petroleum o i l s  s ince  t h e  foriner con ta in  l a r g e r  o u a n t i t i e s  o f  oxygenated com- 

pounds and aromatic hydrocarbons. 

crude petroleum, t h e  pet ro leum r e f i n e r i e s  may have t o  augment t h e i r  feed 

s tocks w i t h  s y n t h e t i c  o i l s  and process them i n  t h e  e x i s t i n g  equipment. 

a d d i t i o n a l  o i l  requi rements may be met i n  t h e  near f u t u r e  from coal l i q u i -  

f a c t i o n  processes and, hence, i t  i s  necessary and use fu l  t o  understand the  

fundamental d i f f e r e n c e s  t h a t  may e x i s t  between the r e f i n i n g  o f  petroleum and 

coal-based o i l s .  

be va luable t o  s tudy and compare the  behavior  o f  petroleum and coal-based 

o i l s  under hydrocrack ing cond i t i ons .  The fundamental aspects o f  hydrocracking 

o f  petroleum and coal-based o i l s  are  n o t  w e l l  understood a t  t he  present  t ime 

though some work was e a r l i e r  repo r ted  ma in l y  on t h e  s tudy o f  product d i s t r i -  

bu t i ons  o r  c a t a l y s t  performance (Carpenter, e t  a l .  , 1963; Archibald, e t  a l . ,  

1960). 

o f  some pure hydrocarbons (Arch iba ld,  e t  a l . ,  1960; F l i n n ,  e t  a l . ,  1960). 

t he  present communication, t h e  r e s u l t s  o f  hydrocrack ing o f  t h ree  petroleum 

f r a c t i o n s  and two coal-based o i l  f r a c t i o n s  a r e  repor ted.  A comparison was 

made between t h e  pet ro leum and coal-based o i l s  w i t h  respect  t o  t h e i r  behavior 

under hydrocrack ing c o n d i t i o n s .  

Experimental 

Mater i  a1 s . 

The hydrocrack ing o f  coal-based o i l s  d i f f e r s  t o  some ex ten t  from 

I n  view o f  the a n t i c i p a t e d  shortage o f  

The 

Hydrocrack ing i s  a v e r s a t i l e  process ing method and i t  may 

Some data, however, were repo r ted  on the mechanism o f  hydrocracking 

I n  

The petroleum f r a c t i o n s  were obta ined from a mixed base crude o i l  by 

atmospheric d i s t i l l a t i o n .  The coal o i l  was obta ined from a h igh  v o l a t i l e  

bituminous coal  by hydrogenat ion i n  an en t ra ined  bed r e a c t o r  u n i t  a t  2000 

p . s . i .  pressure and 510°C w i t h  stannous c h l o r i d e  as the c a t a l y s t .  Low 
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temperature t a r  was prepared f rom the same coal  i n  a 

The coal  o i l  and t a r  f r a c t i o n s  were obta ined by d i s t i  

oi l s ,  r e s p e c t i v e l y .  The h y d r o r e f i n i n g  c a t a l y s t  conta 
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aboratory  oven a t  58OOC. 

l a t i o n  o f  t h e  whole 

ned 3% c o b a l t  ox ide and 

12% molybdenum t r i o x i d e  suoported on alumina i n  the  form o f  p e l l e t s  of 0.083- 

i nch  diameter and 0.125-inch h e i q h t  w i t h  a su r face  area o f  210 sq. meters per  

gram. 

d i s u l f i d e  supported on s i l i c a - a l u m i n a  i n  the form o f  p e l l e t s  o f  0.083-inch 

diameter and 0.125-inch h e i g h t  w i t h  a sur face area o f  198 sq.  meters per  

gram. 

Equipment. 

The hydrocracking c a t a l y s t  contained 6% n i c k e l  s u l f i d e  and 19% tungsten 

The hydrocrack ing u n i t  (F igu re  1 )  contained a v e r t i c a l  t u b u l a r  s t a i n l e s s  

s t e e l  r e a c t o r  o f  0.75-inch i n s i d e  diameter and 40-inch l eng th  w i t h  p r e c i s i o n  

equipment f o r  c o n t r o l l i n g  temperature, pressure, and gas and l i q u i d  f l o w  

r a t e s .  The r e a c t o r  was heated u n i f o r m l y  by a t u b u l a r  ceramic furnace o f  

1.5-inch i n s i d e  diameter and 38-inch l eng th .  

t he  r e a c t o r  from t h e  t o p  was packed w i t h  ceramic beads o f  0.17-inch diameter, 

t h e  nex t  6 5 inches w i t h  the c a t a l y s t  (60 cat), and t h e  f o l l o w i n g  12 inches 

again w i t h  ceramic beads. 

constant  and the  r e a c t i o n  temperature was measured by a thermocouple placed 

a t  t h e  cen te r  o f  t h e  c a t a l y s t  bed. 

gen tanks. 

r e f i n i n g  c a t a l y s t .  

Hydrocracking procedure. 

The f i r s t  20-inch l e n g t h  o f  

The temperature o f  t h e  c a t a l y s t  bed was mainta ined 

The hydrogen supply was taken f rom hydro- 

The h y d r o r e f i n i n g  was a l s o  done i n  t h e  same u n i t  b u t  w i t h  t h e  

The whole system was f i r s t  f l ushed  w i t h  hydrogen t o  remove a i r ,  pressur-  

ized, and heated t o  the  r e a c t o r  temperature 

t o  the experimental pressure and the  o i l  was fed  a t  t he  d e s i r e d  r a t e .  

The pressure was then ad jus ted  

The 
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i n i t i a l  one hour  was taken as a n  offstream pertod fo r  bringlng the reactor 

and the product recovery system t o  equilibrium. 

r a t i o  was maintained a t  about 500 

the  range of ~ 1 0 %  and were rounded o f f .  

ser and the l iqu id  product was collected in the separator The gaseous prod- 

uc t  containing some uncondensed o i l  was passed through an active carbon tower 

t o  adsorb the o i l  and a gas meter t o  measure the r a t e  and to ta l  volume passed. 

Several gas samples were withdrawn d u r i n g  each experiment fo r  analysis. 

difference in the  weight of ac t ive  carbon before and a f t e r  the experiment was 

taken as the amount o f  uncondensed naphtha. 

varied between 95 and 100% w i t h  an i n i t i a l  boiling point between 50" and 65°C. 

The y ie ld  of gas and each hydrocarbon component of the gas were calculated from 

the  to ta l  gas and its composition. 

f rac t ion  boiling u p  t o  200°C was designated a s  naphtha. 

u p  t o  100°C was designated as l i g h t  naphtha and the  fraction boiling from 

100" to  200°C a s  heavy naphtha. 

manner a t  1500 p.s i 

reported a re  double-pass products and the product d i s t r ibu t ion  data were 

obtained a t  a space velocity of about 0.5. 

fresh ca ta lys t  and a l s o  intermittently during the experimental work t o  t e s t  the 

a c t i v i t y  of the ca t a lys t  

f resh  ca ta lys t  when t h e  ac t iv i ty  w i t h  respect t o  cumene cracking f e l l  by about 

5 percentage points. 

Coke determination, 

The hydrogen t o  o i l  feed 

The values of space ve loc i t ies  varied i n  

The product was cooled i n  the conden- 

The 

The y ie ld  of the l iquid product 

The l i q u i d  product was d i s t i l l e d  and the 

The f rac t ion  boiling 

The hydrorefining was a l so  done in a similar 

pressure, 425"C, and 1-space velocity. All the products 

Cumene was hydrocracked over the 

The ca ta lys t  was e i the r  regenerated o r  replaced by 

The used ca t a lys t  was taken out from the reactor and dried a t  110°C for  

two hours t o  remove moisture and vo la t i l e  hydrocarbons Twenty-five grams Of 
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t h e  d r i e d  c a t a l y s t  was packed i n  a g lass tube o f  0 5- inch i n t e r n a l  diameter and 

12- inch l e n g t h  heated t o  600°C by a t u b u l a r  furnace. 

through the  tube a t  t he  r a t e  o f  about 15 c.c per minute and t h e  e f f l u e n t  was 

passed through a furnace con ta in ing  c u p r i c  oxide a t  700°C t o  o x i d i z e  carbon 

monoxide t o  carbon d iox ide ,  a tower con ta in ing  D r i e r i t e  t o  adsorb any mois ture 

and a tower o f  A s c a r i t e  t o  adsorb carbon d iox ide ,  

was c a l c u l a t e d  from t h e  weight  o f  carbon d i o x i d e  and repo r ted  as coke. 

c a t a l y s t  depos i t  was n o t  s t r i c t l y  carbon b u t  coke c o n t a i n i n g  bo th  carbon and 

hydrogen. 

coke, t h e  l a t t e r  amounting t o  about 95% o f  the former, ' the remaining being 

hydrogen. 

Product ana lys i s .  

A stream o f  a i r  was passed 

The carbon on the  c a t a l y s t  

The 

The coke values repo r ted  a c t u a l l y  r e f e r  t o  the  carbon content  o f  t h e  

A l l t h e  anlyses o f  t he  l i q u i d  products were done by ASTM and o t h e r  standard 

methods and gaseous products  by gas chromatographic and mass spec t romet r i c  

methods (Qader and H i l l ,  1969). 

Resul ts  and Discuss ion 

The y i e l d  o f  naphtha from petroleum f r a c t i o n s  increased l i n e a r l y  w i t h  t h e  

r e a c t i o n  temperature. The stove, d i e s e l ,  and gas o i l s  y i e l d e d  a maximum of 

79, 78, and 77% naphtha a t  1500 p.s . i .  pressure and 79, 80, and 79% a t  2000 

p .s . i .  pressure and 500°C, respec t i ve l y .  Increas ing the  r e a c t i o n  pressure 

f rom 1500 t o  2000 p s . i  

e x t e n t  (F igure 2 ) .  

was increased s i g n i f i c a n t l y  w i t h  an increase i n  the  hydrogen pressure. The 

coa l  o i l  and low temperature t a r  y i e l d e d  a maximum o f  63 and 60% naphtha a t  

1500 p . s . i .  pressure and 79 and 77% a t  2000 p.s.1. pressure and 5OO0C, respec- 

t i v e l y .  

p.s. i .  pressure w h i l e  i t  was l i n e a r  a t  a pressure o f  2000 p.s i. 

was more pronounced a t  temperatures above 450°C (F igu re  3 ) .  

d i d  n o t  change the  naphtha y i e l d  t o  any apprec iab le 

On t h e  o the r  hand, t h e  naphtha y i e l d  f rom coal-based oils  

The y i e l d  o f  naphtha d i d  n o t  vary  l i n e a r l y  w i t h  temperature a t  1500 

The e f f e c t  

The r e s u l t s  
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i n d i c a t e  t h a t  the hyd roc rack ins  o f  coal-based o i l s  needs h iohe r  hydrogen 

pressures when compared t o  the  petroleum o i l s  and both types o f  o i l s  a f f e c t  

a lmost  s i m i l a r  naphtha y i e l d s  a t  a pressure o f  2000 p.s. i .  I n  case o f  coal  

o i l s ,  t h e  h i g h e r  hydrogen pressure i s  needed f o r  t he  hydrogenation o f  aromatic 

hydrocarbons and t h e  h e t e r o c y c l i c  compounds. 

above, the petro leum and coal  o i l s  e x h i b i t  s i m i l a r  behavior  under hydrocrack ing 

cond i t i ons .  

A t  pressures o f  2000 p.s . i .  and 

The A P I  g r a v i t y  and t h e  c h a r a c t e r i z a t i o n  f a c t o r  o f  a l i q u i d  f u e l  main ly  

depend upon i t s  b o i l i n g  range and the aromatic hydrocarbon content. I n  case 

o f  pet ro leum o i l s  I n v e s t i g a t k d ,  the c h a r a c t e r i z a t i o n  f a c t o r  increased w i t h  a 

decrease i n  g r a v i t y  ( F i g u r e  4 )  which appears t o  be ma in l y  due t o  the d i f f e r -  

ences i n  the b o i l i n g  ranges o f  t he  feed s tocks s ince they have s i m i l a r  composi- 

t i o n  (Table 1) .  

011s (F igu re  4 ) ,  t h e  f a c t o r s  c o n t r i b u t i n g  t o  such a behavior  seem t o  be 

d i f f e r e n t ,  While t h e  lower  g r a v i t y  o f  t h e  coal  o i l  when compared t o  coal t a r  

may be due t o  t h e  d i f f e rences  i n  the  b o i l i n g  ranges and aromatic contents o f  

t he  o i l s ,  t h e  h i g h  c h a r a c t e r i z a t i o n  f a c t o r  o f  t h e  coal o i l  does n o t  seem t o  

comnensurate w i t h  a s l i g h t  d i f f e r e n c e  i n  t h e  b o i l i n g  range and the aromatic 

hydrocarbons. 

presence o f  h ighe r  concen t ra t i ons  o f  hydroaromatics i n  the coal  o i l .  Th is  i s  

f u r t h e r  evidenced by the  h i g h e r  naphtha y i e l d  f rom coal  o i l  a t  1500 p.s . i .  

pressure (F igures 5 and 6) where the hydrogenation o f  aromatics t o  the  corres-  

ponding hydroaromatics which undergo subsequent c rack ing  does n o t  occur t o  any 

apprec iab le e x t e n t  (Qader, e t  a l ,  , 1968). However, hydrogenation o f  aromatics 

t o  t h e  corresponding hydroaromatics does take  p lace a t  a pressure o f  2000 

p.s. i . ,  thereby narrowing down the gap between naphtha y i e l d s  from coal  o i l  

Though a s i m i l a r  r e l a t i o n s h i p  was e x h i b i t e d  by coal-based 

The c h a r a c t e r i z a t i o n  f a c t o r  might  have been in f l uenced  by t h e  
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and coal  t a r  f r a c t i o n s  as shown i n  Figures 5 and 6 .  

of naphtha w i t h  g r a v i t y  and t h e  decrease w i t h  c h a r a c t e r i z a t i o n  f a c t o r  of 

petroleum f r a c t i o n s  (F igures 5 and 6 )  a re  ma in l y  due t o  the  d i f f e r e n c e s  i n  

t h e i r  bo i  1 i n g  ranges. 

The increase in t h e  y i e l d  

The product d i s t r i b u t i o n  data i n d i c a t e d  t h a t  t h e  hydrocrack ing of pe t ro -  

leum f r a c t i o n s  produces h ighe r  q u a n t i t i e s  o f  gaseous product  when compared t o  

coal-based o i l s  a t  a l l  l e v e l s  o f  naphtha fo rma t ion  (F igure 7). 

o i l s  produced more C1-C3 hydrocarbons than petroleum o i l s  a t  d i f f e r e n t  l e v e l s  

o f  butane product ion (F igu re  8) .  

h ighe r  i n  the hydrocrack ing o f  coal-based o i l s .  

n o t  l a r g e  enough t o  a l t e r  t he  product  d i s t r i b u t i o n  s i g n i f i c a n t l y .  

t i o n  i s  an impor tan t  aspect o f  hydrocrack ing and the  r e s u l t s  shown i n  F igu re  9 

i n d i c a t e d  the  occurrence o f  more i somer i za t i on  i n  t h e  hydrocrack ing o f  pe t ro -  

Coal-based 

The p roduc t i on  o f  +2OO0C o i l  f r a c t i o n  was 

However, t he  d i f f e r e n c e s  a r e  

Isomeriza- 

leum o i l s  when compared t o  t h e  coal-based o i l s  a t  a l l  l e v e l s  o f  naphtha forma- 

t i o n .  The iso-normal r a t i o s  i n  butanes v a r i e d  between l and 4 i n  the  case o f  I 
petroleum o i l s ,  w h i l e  the r a t i o s  v a r i e d  between 1 and 2.75 i n  the  case o f  

coal-based o i l s .  

b e t t e r  q u a l i t y  naphtha and t h i s  i s  an advantage associated w i t h  the  petroleum 

Occurrence o f  i somer i za t i on  d u r i n g  hydrocrack ing produces 

\ o i l s  under hydrocrack ing c o n d i t i o n s  However, t he re  may be severa l  o the r  fac -  

t o r s  which i n f l u e n c e  the q u a l i t y  o f  naphtha. 

l i g h t  and heavy f r a c t i o n s  o f  naphtha w i l l  a l s o  c o n t r i b u t e  t o  t h e  o v e r a l l  

q u a l i t y  o f  t he  naphtha. Normally l i g h t  naphthas produced f rom petroleum 

f r a c t i o n s  have h ighe r  octane r a t i n g s  than heavy naphthas, n e c e s s i t a t i n g  the  

The r e l a t i v e  p r o p o r t i o n s  o f  
1 
\ 
/ 

subsequent re fo rm ing  of heavy naphtha The r e s u l t s  i n  F igures 10 and 11 i n d i -  

cated t h a t  petroleum o i l s  produce more l i g h t  naphtha r e l a t i v e  t o  heavy naphtha 

when compared t o  coal-based o i l s .  The r a t i o s  o f  heavy - l i gh t  naphthas v a r i e d  



between 2 and 4 i n  t h e  case o f  petroleum o i l s ,  wh l e  the  r a t i o s  v a r i e d  between 

3.5 and 4.5 i n  t h e  case o f  coal-based o i l s .  This i s  again an added advantage 

associated w i t h  pet ro leum o i l s ,  though t h i s  i s  n o t  the f i n a l  dec id ing  f a c t o r .  

The hydrocarbon composit ion of naphthas obta ined from petroleum and coal -  

based o i l s  was shown i n  F igure 12. 

p o r t i o n s  o f  aromat ic  hydrocarbons than pet ro leum naphthas. 

t i o n ,  petroleum naphthas conta ined about 35 t o  40%, w h i l e  coal-based naphthas 

conta ined about 55% aromat ic  hydrocarbons Th is  may make a g r e a t  d i f f e r e n c e  

i n  t h e  octane r a t i n g  o f  t h e  naphthas and coal-based naphthas a re  expected t o  

have h i g h  octane va lues.  

t r a t i o n s  o f  naphthenes and i s o p a r a f f i n s  than  coal-based naphthas, w h i l e  the  

contents  o f  norma1 p a r a f f i n s  and o l e f i n s  were almost t he  same i n  b o t h  cases 

The q u a l i t y  o f  coal-based naphthas was found t o  be much s u p e r i o r  t o  the  pet ro-  

leum naphthas, as shown i n  F igu re  13. 

coal-based naphthas v a r i e d  between about 80 t o  90, w h i l e  t h e  octane numbers o f  

t h e  petroleum naphthas v a r i e d  o n l y  i n  between about 65 t o  80. A t  t h e  maximum 

y i e l d  o f  about 80%. coal-based naphthas had c l e a r  research octane numbers of 

about 90, w h i l e  t h e  octane r a t i n g s  were below 80 numbers i n  the case o f  pet ro-  

leum naphthas. 

w i t h o u t  f u r t h e r  t rea tmen t  and as premium grade product  s imply  by t h e  use o f  

a d d i t i v e s .  

e i t h e r  as regu la r  o r  premium grade m a t e r i a l s  

h i g h e r  concen t ra t i ons  o f  s u l f u r  and n i t r o g e n  which, however, a r e  much below 

t h e  s p e c i f i e d  l i m i t s  

Coal-based naphthas conta ined h ighe r  pro- 

A t  about 80% forma- 

Petroleum naphthas conta ined s l i g h t l y  h ighe r  concen- 

The c l e a r  research octane numbers o f  

The coal-based naphthas can be used as r e g u l a r  grade gaso l i ne  

Petroleum naphthas need t o  be reformed be fo re  they can be used 

Coal-based naphthas have s l i g h t l y  

Hydrogen requi rement  i s  an impor tant  f a c t o r  which c o n t r i b u t e s  s i g n i f i c a n t l y  

t o  t h e  o v e r a l l  r e f i n i n g  c o s t  o f  f u e l  o i l s  The r e s u l t s  shown i n  F igu re  14 
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i l l u s t r a t e d  t h a t  hydrogen consumption was h i g h  i n  the hydrocrack ing of coal -  

based o i l s  when compared t o  petroleum o i l s ,  

naphtha, hydrogen consumption v a r i e d  between 800 t o  1100 and 1500 t o  1600 cu. 

ft. per b a r r e l  of feed s tock i n  t h e  hydrocrack ing o f  pet ro leum and coal-based 

o i l s ,  respec t i ve l y .  

o i l s  was due t o  the hydrogenation o f  aromat ic  hydrocarbons and h e t e r o c y c l i c  

compounds, e s p e c i a l l y  t he  oxygenated compounds. Th is  i s  one o f  t he  disadvan- 

tages associated w i t h  the  r e f i n i n g  o f  coal-based o i l s .  

K i n e t i c s  

A t  the maximum y i e l d  of about 80% 

The h i g h  hydrogen consumption i n  t h e  case o f  coal-based 

For the k i n e t i c  study t h e  gas o i l  and coal o i l  f r a c t i o n s  were used and the  

hydrocrack ing experiments were conducted a t  a constant  hydrogen pressure o f  

2000 p.s . i .  

o f  Equation 1 assuming f i r s t - o r d e r  k i n e t i c s  (Qader and h i l l ,  1969). 

The o v e r a l l  r a t e s  o f  hydrocrack ing were s t u d i e d  by the a p p l i c a t i o n  

1 
(1 1 

I l i -  
Ln Xf LHSV 

where 

X i  

Xf  

LHSV = l l q u i d  h o u r l y  space v e l o c i t y ,  volume o f  l i q u i d  feed p e r  hour per  volume 

= i n i t i a l  concen t ra t i on  o f  t h e  reac tan t ,  w t .  % 

= f i n a l  concen t ra t i on  o f  t h e  reac tan t ,  w t .  % 

o f  c a t a l y s t  

k 

The p l o t s  o f  r e c i p r o c a l  space v e l o c i t y  versus l o g  

and 16. 

be represented by Equations 2 and 3 

= s p e c i f i c  r e a c t i o n  r a t e  constant  

X i  
f 

a r e  shown i n  Figures 15 

The p l o t s  were l i n e a r  and, thus, t h e  f i r s t - o r d e r  r a t e  constants  can 

-d (gas d t  O i l )  = kg (gas o i l )  ( 2 )  

--, = kc  ( c o a l  o i l )  ( 3 )  



where k 

r e s p e c t i v e l y .  

s t a n t s  were found t o  be represented by Equations 4 and 5 

and kc  a re  r a t e  constants  f o r  gas o i l  and coa l  o i l  hydrocracking, 
9 

The Ar rhen ius  p l o t s  (F igure  17) were l i n e a r  and t h e  r a t e  con- 

kg = 0.3651 x IO4 e-14,300/RT h r C - ’  

kc = 0.8395 x ~ ~ ~ . e - ~ ~ s ~ ~ ~ / ~ ~  hr.- ’  

(4 )  

( 5 )  

The f o l l o w i n g  va lues o f  e n t h a l p i e s  and en t rop ies  o f  a c t i v a t i o n  were c a l c u l a t e d  

k 1 
T T from p l o t s  o f  l o g  - versus - by app ly ing  Eyr ing  equat ion (F igure  18). 

n z  AH^ = 12,800 ca l ; /mole,  A s g  = -52 e-U. 
rt AH: = 1,400 c a l  /mole, ASC = -50 e.U. 

The k i n e t i c  data i n d i c a t e s  t h a t  bo th  the  gas o i l  and coa l  o i l  e x h i b i t  s i m i l a r  

k i n e t i c  behavior under hydrocrack ing cond i t ions  except the  coa l  o i l  needs a 

s l i g h t l y  h igher  a c t i v a t i o n  energy. 

and t h e  coal o i l  appear t o  be s i m i l a r  as proposed e a r l i e r  and t h e  energet ics  

suggest t h a t  chemical r e a c t i o n s  i n v o l v i n g  the  c rack ing  o f  C-C, C-0, C-S. and 

C-N bonds w i l l  c o n t r o l  t h e  r e a c t i o n  r a t e  (Qader, e t  a l . ,  1968 and 1969). The 

c a t a l y s t  used i n  t h i s  i n v e s t i g a t i o n  i s  a d u a l - f u n c t i o n a l  one, conta in ing  both 

a c rack ing  component and a hydrogenat ion component. 

c o n t r o l l i n g  s tep i n  hydrocrack ing,  the  r e a c t i o n  r a t e s  and t h e  product  y i e l d s  

a r e  main ly  i n f l u e n c e d  by the  a c t i v i t y  o f  the  c r a c k i n g  component o f  the  ca ta l ys t .  

Therefore, i t  i s  e s s e n t i a l  t o  c a r r y  o u t  t h e  hydrocrack ing process under condi- 

t i o n s  wherein the  c r a c k i n g  component mainta ins h igh  a c t i v i t y .  The c rack ing  

a c t i v i t y  o f  t h e  c a t a l y s t  i s  due t o  the  a c i d i c  sur face s i t e s  o f  s i l i c a  which 

may g e t  poisoned due t o  t h e  accumulation o f  coke and the  b a s i c  n i t r o g e n  com- 

pounds. 

component of t h e  c a t a l y s t .  

The mechanisms o f  hydrocrack ing o f  gas o i l  

Since c rack ing  i s  the  r a t e  

The coke fo rmat ion  may a l s o  reduce t h e  a c t i v i t y  o f  the  hydrogenation 

Therefore, i t  i s  impor tant  t o  study the  coke 

d e p o s i t i o n  on the c a t a l y s t  d u r i n g  hydrocracking. F igure  19 shows the  coke 
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I d e p o s i t i o n  on the c a t a l y s t  by the hyd ro i ,dck ing  o f  gas o i l  and coal o i l  a t  a 

temperature o f  480°C, 2000 p s i 

format ion by the coa l  o i l  was almost double the  amount by the gas o i l ,  which 

suggests t h a t  t he  c a t a l y s t  l i f e  w i l l  be shortened t o  a g rea t  degree dur ing the 

hydrocrack ing o f  coa l  o i l .  

expensive when compared t o  the  gas o i l .  

r e f i ned  i n  a preceding s tep  t o  remove t h e  n i t r o g e n  compounds which otherwise 

w i l l  poison the  a c i d i c  s i t e s  o f  t he  c rack ing  component o f  t he  c a t a l y s t  dur ing 

hydrocracking, t he  coke format ion on t h e  c a t a l y s t  can be reduced t o  a g rea t  

e x t e n t  as shown i n  F igu re  20 Fur ther ,  t he  gas o i l  and the  coa l  o i l  a f f e c t  

almost t h e  same amount o f  coke d e p o s i t i o n  on t h e  c a t a l y s t  d u r i n g  the  hydro- 

c rack ing  o f  t he  hyd ro re f i ned  feed stocks 

c rack ing  o f  e i t h e r  petroleum or coal-based o i l s  on the d u a l - f u n c t i o n a l  c a t a l y s t  

must be preceded by t h e  h y d r o r e f i n i n g  o f  t h e  feed stocks and the  hydrocracking 

o f  t h e  p r e r e f i n e d  feed stocks w i l l  e x h i b i t  s i m i l a r  c h a r a c t e r i s t i c s  w i t h  respect  

t o  c a t a l y s t  requirements. This i n v e s t i g a t i o n  i n d i c a t e s  t h a t  though the  hydro- 

c rack ing  o f  petroleum o i l s  has c e r t a i n  advantages over t h e  coal-based o i l s ,  t he  

disadvantages associated w i t h  the  l a t t e r  may be o f f s e t  by the  s u p e r i o r  q u a l i t y  

o f  t h e i r  products, thereby a f f e c t i n g  the  o v e r a l l  processing o f  both types o f  

o i l s  almost s i m i l a r l y .  

pressure, and 1-soace v e l o c i t y .  The coke 

This may make t h e  hydrocrackTng o f  coa l  o i l  more 

However, i f  the  feed s tocks a re  hydro- 

The r e s u l t s  suggest t h a t  t he  hydro- 
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Table 1. P roper t i es  o f  feed m a t e r i a l s .  
Low tem- 
pe ra tu re  

o i  1 o i  1 Gas o i l  f r a c t i o n  f r a c t i o n  
Stove D iese l  Coal o i l  t a r  

Grav i t y ,  " A P I  

Charac te r i za t i on  f a c t o r  

S u l f u r ,  w t .  % 

N i t rogen,  w t .  % 

Oxygen, w t .  % 

D i  s t i  11 a t i  on 

I.B.P., O C  

50% 

F.B.P., O C  

Hydrocarbon analys is ,  
v o l .  % 

Saturates 

Aroma t i cs 

O l e f i n s  

38.2 

11.2 

0 .24  

0.18 

N i  1 

200 

2 50 

300 

80 

20 

N i  1 

36.5 

11 -6  

0.22 

0.16 

N i l  

250 

302 

380 

80 

20 

N i  1 

3 2 - 4  

11.9 

0.38 

0.14 

N i  1 

350 

430 

490 

81 

19 

N i l  

21 - 5  

9.9 

0.62 

0.42 

3.6 

200 

238 

370 

38 

57 

5 

23.4 

9.5 

0.84 

0.58 

4.8 

200 

260 

360 

28 

54 

18 
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CONTINUOUS RAPID CARBONIZATION OF POWDERED COAL BY ENTRAINMENT: 
RESPONSE SURFACE ANALYSIS OF DATA 

John J. S. S e b a s t i a n ,  Robert J .  B e l t ,  and John S. Wilson 

Morgantown Coal Research C e n t e r ,  Bureau of Mines 
U.S. Department of t he  I n t e r i o r ,  Morgantown, IJ. Va. 

INTRODUCTION 

I n  r e c e n t  y e a r s  i n c r e a s e d  i n t e r e s t  i n  p r o c e s s e s  f o r  c o n v e r t i n g  c o a l  i n t o  high-  
Btu p i p e l i n e  g a s  and smokeless  low-su l fu r  c h a r  f o r  powerplants  prompted t h e  
Morgantown Coal Research C e n t e r  t o  s t u d y  t h e  r a p i d  o r  f l a s h  c a r b o n i z a t i o n  of  
b i tuminous  c o a l .  The c o a l  s e l e c t e d  f o r  c a r b o n i z a t i o n  was a s t r o n g l y  caking,  high-  
v o l a t i l e  A bituminous from t h e  P i t t s b u r g h  bed (34.4% V.M. ,  7.0% ash) .  

O f  pr imary i n t e r e s t  has  been t h e  development of a low-cost  p r o c e s s  f o r  carbon- 
i z i n g  h i g h - v o l a t i l e  b i tuminous  c o a l s  a t  h igh  throughput  r a t e s  i n  en t r a inmen t .  
P r e v i o u s l y  proposed low-temperature  en t r a inmen t  p r o c e s s e s  (1)l, a s  w e l l  a s  o u r  p r i o r  
l o w  t empera tu re -en t r a inmen t  c a r b o n i z a t i o n  warp i n  an e x t e r n a l l y  hea ted  9-foot- long 
4- inch-diameter  i so the rma l  r e a c t o r ,  y i e l d e d  a high-Btu gas  and a h igh ly  r e a c t i v e  
c h a r ,  a l o n g  w i t h  a h igh  y i e l d  of  t a r  p l u s  l i g h t  o i l .  However, c o a l  throughput  r a t e s  
were p r o h i b i t i v e l y  l o w  owing t o  d i l u t e  phase operat ion--0.35 g of c o a l  p e r  cu f t  
g a s  volume. P r o j e c t i o n  of such  d a t a  to  a commercial-scale  p r o c e s s  would r e s u l t  i n  
e x c e s s i v e l y  l a r g e  equipment and h igh  o p e r a t i n g  c o s t s ,  a l t hough  t h e  throughput  p e r  
u n i t  cross s e c t i o n a l  a r e a  would i n c r e a s e  t o  some e x t e n t  w i th  l a r g e r  c a r b o n i z e r s  
o p e r a t e d  a t  h ighe r  p r e s s u r e s .  

Dense p h a s e  e n t r a i n m e n t ,  on t h e  o t h e r  hand, o f f e r e d  t h e  p r o s p e c t  of a s i g n i f i -  
c a n t  i n c r e a s e  i n  c o a l  t h roughpu t .  Hence, expe r imen t s  were conducted wi th  a 4-inch- 
d i a m e t e r  by 1-foot- long c a r b o n i z e r  a t  h i g h e r  t empera tu res  w i t h  20 times t h e  c o a l  
c o n c e n t r a t i o n .  The o b j e c t i v e  of t h i s  work was 3 - fo ld :  (1) t o  determine t h e  e f f e c t s  
and i n t e r a c t i o n s  of  p r o c e s s  v a r i a b l e s  a s  a gu ide  t o  p rocess  f e a s i b i l i t y ;  ( 2 )  t o  
e v a l u a t e  e x t e r n a l  and i n t e r n a l  methods of app ly ing  t h e  h e a t  r e q u i r e d  f o r  ca rbon i -  
z a t i o n ;  and (3)  t o  o b t a i n  d a t a  f o r  t h e  des ign  of a p i l o t - s c a l e  ca rbon ize r .  

This p a p e r  d e s c r i b e s  t h e s e  expe r imen t s ,  i n c l u d i n g  t h e  main s t e p s  i n  applying 
a 3 - f a c t o r  5 - l e v e l  r e sponse  s u r f a c e  a n a l y s i s  of t h e  f a c t o r i a l l y  designed t e s t - r u n s ,  
a t echn ique  t h a t  e v a l u a t e s  a l l  of  t h e  s i g n i f i c a n t  p r o c e s s  v a r i a b l e s  w i t h  a minimum 
of e x p e r i m e n t a l  work. 
m a t t e r  i n  t h e  c h a r ,  a r e  d i s c u s s e d  i n  d e t a i l .  

Two of t h e  1 3  r e sponses ,  c h a r  y i e l d  and p e r c e n t  v o l a t i l e  

DESCRIPTION OF EQUIPMENT 

The equipment f o r  t h e  t w o  t e s t  series d i f f e r e d  i n  t h e  method of  h e a t i n g  t h e  
c a r b o n i z e r  and i n  most of  t h e  p roduc t  recovery system, a s  shown i n  f i g u r e s  1 and 
2 .  'Ihe coa l - f eed ing  system was i d e n t i c a l  i n  bo th  series and c o n s i s t e d  of a 
v i b r a t o r y  screw f e e d e r  r e c e i v i n g  c o a l  from a p re s su re -equa l i zed  hopper.  

'Under l ined  numbers i n  p a r e n t h e s e s  r e f e r  t o  items i n  t h e  l i s t  of  r e f e r e n c e s  a t  the 

2The r e s u l t s  of t h e s e  p r e l i m i n a r y  i n v e s t i g a t i o n s  w i l l  be summarized in a forthcoming 

The f eed ing  

end of the paper .  

U.S. BuMines Report o f  I n v e s t i g a t i o n s .  
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i n  each case  was f a c i l i t a t e d  by i n j e c t i o n  o f  t h e  c o a l  i n t o  n i t r o g e n  i n  d i f f e r e n t  
d i l u t i o n s  wi th  methane, b e f o r e  e n t e r i n g  t h e  f l a s h  c a r b o n i z e r .  

The c a r b o n i z e r  c o n s i s t e d  o f  a 12-inch l e n g t h  of  4 - inch -d iame te rY  schedu le  40 
p i p e  made of t ype  310 s t a i n l e s s  steel .  For the e x t e r n a l  h e a t i n g  s e r i e s ,  t h r e e  4- 
i nch - long  c i r c u l a r  t he rmoshe l l  h e a t i n g  e l emen t s  were i n s t a l l e d  around t h e  c a r b o n i z e r  
tube.  The c o a l  p a r t i c l e s  were carbonized wh i l e  be ing  c a r r i e d  downward by t h e  en- 
t r a i n i n g  gas .  For i n t e r n a l  h e a t i n g ,  n a t u r a l  gas  was burned wi th  a s l i g h t  d e f i c i e n c y  
of a i r  i n  a r e f r a c t o r y - f i l l e d  combustor,  t he  h o t  combustion p r o d u c t s  be ing  i n j e c t e d  
d i r e c t l y  i n t o  t h e  c a r b o n i z e r .  The 70 p e r c e n t  through 200-mesh c o a l  was f u r t h e r  
e n t r a i n e d  i n  the h o t  gases  which provided t h e  r e q u i r e d  h e a t  f o r  c a r b o n i z a t i o n .  
I n t e r n a l  h e a t i n g  changed t h e  h e a t  t r a n s f e r  from r a d i a t i o n  c o n t r o l l e d  t o  t u r b u l e n t  
c o n v e c t i v e ,  a l though  some e x t e r n a l  h e a t i n g  was a l s o  a p p l i e d  t o  ba l ance  t h e  hea t  
losses from t h e  ca rbon ize r .  

F 
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Because of  t h e  d i f f e r e n t  g a s  f low r a t e s  f o r  t h e  t w o  tes t  s e r i e s ,  t h e  p roduc t  
recovery t r a i n s  were d i f f e r e n t .  I n  each c a s e ,  t h e  o b j e c t i v e  was complete  recovery 
f r a n  t h e  g a s  s t r eam of  a l l  s o l i d  and l i q u i d  p roduc t s .  I n  bo th  c a s e s ,  c o a r s e r  c h a r  
p a r t i c l e s  f e l l  d i r e c t l y  i n t o  a c h a r  r e c e i v e r  below t h e  c a r b o n i z e r .  For  t h e  ex- 
t e r n a l l y  heated u n i t ,  where t h e  gas  f low r a t e  was lower, a b a f f l e d  knockout chamber 
was used t o  remove t h e  f i n e  c h a r  p a r t i c l e s .  Ta r  and p i t c h  were removed by two 
e l e c t r o s t a t i c  . p r e c i p i t a t o r s ,  fol lowed by a d r y - i c e  t r a p  f o r  removal of  l i g h t - o i l  
and w a t e r ,  and a s i l i c a  g e 1 , t r a p  f o r  f i n a l  recovery of l i g h t - o i l  and wa te r  b e f o r e  
me te r ing  and v e n t i n g  t h e  gas .  For  t h e  i n t e r n a l l y  hea ted  u n i t ,  which r ece ived  much 
l a r g e r  g a s  volumes from t h e  combustor,  the recovery t r a i n  c o n s i s t e d  o f  two cyc lones  
in series f o r  t h e  removal o f  c h a r  d u s t ,  and a wa te r  s c rubbe r  fo l lowed  by a steam- 
w a t e r  s c rubbe r  f o r  f i n a l  t a r ,  p i t c h ,  and l i g h t - o i l  removal. 

The c a r b o n i z e r  was des igned  t o  r a p i d l y  h e a t  c o a l  p a r t i c l e s  a t  a tmospheric  
p r e s s u r e  a s  t hey  passed through t h e  12-inch h o t  zone. The f e e d  t u b e  was c o n s t r u c t e d  
t o  i n j e c t  t h e  powdered c o a l  a t  a high v e l o c i t y  i n t o  t h e  c a r b o n i z a t i o n  zone. A f t e r  
less than  one second r e s i d e n c e  t i m e ,  d u r i n g  which t h e  p a r t i c l e s  a r e  r a p i d l y  p y r o l i z e d  
and d e v o l a t i l i z e d ,  t h e  c h a r  p a r t i c l e s  c a r r i e d  by t h e  g a s  e n t e r  t h e  r ecove ry  t r a i n .  

In a t y p i c a l  t e s t - r u n  t h e  c a r b o n i z e r  i s  p rehea ted  t o  t h e  d e s i r e d  w a l l  tempera- 
t u r e .  When t h e  c a r b o n i z e r  t empera tu re  becomes c o n s t a n t  a t  t h e  d e s i r e d  leve l ,  t h e  
c o a l  f e e d i n g  i s  begun t o  s t a r t  t h e  run. During t h e  run ,  c h a r  i s  p e r i o d i c a l l y  
removed f r a n  t h e  bottom l o c k  hopper and t h e  g a s  i s  sampled. A l l  o t h e r  p r o d u c t s  
a r e  c o l l e c t e d  a f t e r  t h e  run and a p e r i o d  of coo l ing .  

EXPERIMENTAL DESIGh' 

To e v a l u a t e  t h e  d a t a ,  t h e  "composite f a c t o r i a l  design" method (2) was used t o  
o b t a i n ,  i n  t h e  l e a s t  t ime,  t h e  b e s t  r e l i a b l e  e s t i m a t e s  of  t h e  e f f e c t s  and i n t e r -  
a c t i o n s  of  system v a r i a b l e s .  S e v e r a l  of t h e s e  v a r i a b l e s ,  c a l l e d  " f a c t o r s " ,  were 
s y s t e m a t i c a l l y  changed and t h e  e f f e c t s  i n  each case  determined by s t a t i s t i c a l  
a n a l y s i s .  

A 3-dimensional c o o r d i n a t e  system was assumed w i t h  t h r e e  f a c t o r s - - c o a l - f e e d  
r a t e ,  r e a c t o r  w a l l  t empera tu re ,  and e n t r a i n i n g  gas  composition3--changed s imultane-  
o u s l y  wh i l e  a l l  o t h e r  v a r i a b l e s  were h e l d  c o n s t a n t .  

=Methane is t h e  c h i e f  component of  c a r b o n i z a t i o n  g a s e s  and was used i n  o r d e r  t o  

Within t h i s  3-dimensional  

s i m u l a t e  t h e  en t r a inmen t  o f  c o a l  i n  r e c y c l e  gases  a s  would be done in p i l o t - s c a l e  
and commercial c a r b o n i z e r s .  E n t r a i n i n g  gas  c m p o s i t i o n  i s  expres sed  i n  terms of  
me thane - to -n i t rogen  r a t i o s .  
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system, a r ange  of v a l u e s  i n  e a c h  o p e r a t i n g  v a r i a b l e  was chosen f o r  examinat ion,  
based on a c t u a l  r e s u l t s .  The e f f e c t s  and i n t e r a c t i o n s  of t h e s e  t h r e e  f a c t o r s  a t  
v a r i o u s  l e v e l s  were de te rmined  on two types  of  r e sponses ,  p roduc t -y i e ld  and q u a l i t y .  

/ 
The composite f a c t o r i a l  d e s i g n  allowed d e t a i l e d  examinat ion of t h e  responses  

a t  14 p o i n t s  p l u s  f i v e  r e p l i c a t i o n s  a t  t h e  c e n t e r  of t h e  cube,  from which t h c  
e n t i r e  r e sponse  s u r f a c e  was d e r i v e d .  The computat ion o f  v a r i a n c e s  was based on 
t h e s e  f ive r e p l i c a t i o n s .  The t h r e e  f a c t o r s  were v a r i e d  i n  a n  e s t a b l i s h e d  p a t t e r n  
a s  shown i n  t a b l e  1 and f i g u r e  3. In t h e s e  i l l u s t r a t i o n s ,  f o r  convenience,  t h e  
f a c t o r s  a r e  i d e n t i f i e d  a s  3 ( r e a c t o r  w a l l  t empera tu re ) ,  + ( coa l - f eed  r a t e )  and 
~3 (gas  composi t ion) .  The levels i n  each f a c t o r  were coded i n t o  f i v e  v a l u e s :  - 2 ,  
-1, 0, 1, 2. The o p e r a t i n g  f a c t o r s  and co r re spond ing  expe r imen ta l  r e s u l t s  obtained 
a r e  summarized i n  t a b l e  2. 

i 
The main s t e p s  i n  r e s p o n s e  s u r f a c e  a n a l y s i s  fo l low:  

1. Design t h e  expe r imen t  t o  o b t a i n  a second degree  r e g r e s s i o n  equa t ion ,  
2. Transform t h i s  e q u a t i o n  i n t o  i t s  s t a n d a r d  o r  c a n o n i c a l  form, 
3. I l l u s t r a t e  it b y  means of  a con tour  diagram o r  3-dimensional model. 

Assuming t h a t  a second d e g r e e  e q u a t i o n  wi th  three f a c t o r s  r e p r e s e n t s  t h e  system 
a d e q u a t e l y ,  i t  w i l l  have t h e  f o l l o w i n g  g e n e r a l  form: 

F a c t o r s  
Temperature.. . . . . . . . . .OF 
Feed r a t e .  . . . . . . . . . .g I h r  
Gas composi t ion ........ % 

1 

/1 
where box, r e p r e s e n t s  t h e  a v e r a g e  v a l u e  of  a l l  t r i a l s .  
l i n e a r  term and a q u a d r a t i c  t e rm f o r  each  f a c t o r  and a l l  p o s s i b l e  2 - f a c t o r  i n t e r -  
a c t i o n s .  The c o e f f i c i e n t s  a r e  c a l c u l a t e d  from t h e  d a t a .  

This e q u a t i o n  c o n t a i n s  a 

Leve 1 

1,500 1,600 1,700 1,1100 1,900 3 
-2 -1 0 1 2 Symbol 

250 500 750 1,000 1,250 x, 
100 N2 75 50 25 0 %  

1 0 CH, 25 5 0  75 100 

Responses : 

(2 )  Char h e a t i n g  va lue .  (6) 
( 3 )  Char f u e l  v a l u e .  
(4 )  Ex ten t  o f  d e v o l a t i l i - ( 7 )  

(1) Char y i e l d .  (5) 

z a t i o n .  (8) 

S u l f u r  p e r  Btu.  (9) Gas h e a t i n g  value.  
P e r c e n t  v o l a t i l e  (10) Gas f u e l  va lue .  

m a t t e r  . I(11) L i g h t - o i l  y i e l d .  
P e r c e n t  s u l f u r .  (12)' Tar  y i e l d .  
Gas y i e l d .  (13) P i t c h  y i e l d .  

A 

1 

I 

I 



1 1 -1 
1 1 1  
0 0 0  
0 0 0  
0 0 0  
0 0 0  
0 0 0  

- 2  0 0 
2 0 0  
0 - 2  0 
0 2 0  
0 0 -2 
0 0 2  

Since  t h e  r e g r e s s i o n  e q u a t i o n  i s  d i f f i c u l t  t o  i n t e r p r e t ,  it i s  t ransformed i n t o  
i t s  s t a n d a r d  o r  c a n o n i c a l  form. The t r a n s f o r m a t i o n  i s  o r thogona l  and c o n s i s t s  of 
t r a n s l a t i o n  of t h e  o r i g i n a l  c e n t e r  o f  t h e  d e s i g n  t o  t h e  s t a t i o n a r y  p o i n t  (where t h e  
s l o p e  w i t h  r e s p e c t  t o  a l l  f a c t o r s  is  z e r o )  and r o t a t i o n  of  t h e  axes .  T r a n s l a t i o n  
e l i m i n a t e s  t h e  l i n e a r  terms; r o t a t i o n  c a u s e s  t h e  i n t e r a c t i o n s  t o  v a n i s h .  The t r a n s -  
formed e q u a t i o n  has  t h e  f o l l o w i n g  g e n e r a l  form: 

\ Y Y, E B , , q 2  + + %3Xs2 (2) 

1,800 1,000 25 25.71 1,513 20.85 1,221 
1,800 1,000 75 26.07 1,619 19.76 1,194 
1,700 750 50 26.56 1,635 14.74 1,088 
1,700 750 50 27.76 1,589 17.11 1,117 
1,700 750 50 28.55 1,642 18.83 1,138 
1,700 750 50 28.96 1,638 16.62 1,060 
1,700 750 50 28.28 1,604 15.27 1,037 
1,500 750 50 31.18 1 , 7 2 1  23.35 1,246 
1,900 750 50 24.65 1,468 12.05 983 
1,700 250 50 22.58 1,305 11.99 960 

1,700 750 0 29.61 1,661 16.96 1,115 
1,700 1,250 50 31.94 1,729 16.38 1,010 

1,700 750 100 28.90 1,593 16.32 1,000 

where Y, i s  t h e  response  a t  t h e  s t a t i o n a r y  p o i n t  and t h e  q ' s  a r e  t h e  c o o r d i n a t e s  
w i t h  r e s p e c t  t o  t h e  new axes  a f t e r  t r a n s l a t i o n  and r o t a t i o n .  

The magnitude and s i g n s  o f  t h e  c o e f f i c i e n t s  i n  the  c a n o n i c a l  e q u a t i o n  show t h e  
n a t u r e  of t h e  r e s p m s e  s u r f a c e .  
is  i n c r e a s i n g  in any d i r e c t i o n  from Y, ,  and Y, has a m i n i m u m  v a l u e ;  i f  a l l  s i g n s  a r e  
n e g a t i v e ,  t h e  va lue  of  t h e  response  i s  d e c r e a s i n g ,  and Y, has  a maximum v a l u e ;  i f  
b o t h  p o s i t i v e  and n e g a t i v e  s i g n s  a r e  p r e s e n t ,  t h e  s u r f a c e  i s  "saddle" shaped (i.e., 
a r i d g e  connec t ing  two e l e v a t i o n s )  and t h e r e  is  no s i n g l e  maximum o r  minimum. 

The t r a n s f o r m a t i o n  i s  s t r a i g h t f o r w a r d  and is  based on sound mathematical  

I f  a l l  s i g n s  a r e  p o s i t i v e ,  t h e  v a l u e  o f  t h e  response 

~ 

\ 

procedures .  
t h e  l o c a t i o n  of t h e  r e f e r e n c e  p o i n t .  

The two e q u a t i o n s ,  e m p i r i c a l  and c a n o n i c a l ,  do not  d i f f e r  except  f o r  

All of t h e  r e g r e s s i o n  e q u a t i o n s  a s  w e l l  a s  t h e  c a n o n i c a l  forms have been pro- 
grammed in FORTRAN IV language f o r  t h e  d e t e r m i n a t i o n  of t h e  c o e f f i c i e n t s  by an IBM 
7040 C m p u t e r ,  and f o r  p l o t t i n g  of t h e  r e s p o n s e s  by an accessory  CALCOMP p l o t t e r .  

' 
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RESULTS 

Ana lys i s  of  t h e  d a t a  by composite f a c t o r i a l  des ign  y i e l d s  e m p i r i c a l  e q u a t i o n s  
d e s c r i b i n g  t h e  response s u r f a c e s  i n  terms of  the f a c t o r s  and t h e i r  i n t e r a c t i o n s .  
The c o e f f i c i e n t s  of  t h e  e q u a t i o n s  i n d i c a t e  by t h e i r  r e l a t i v e  magnitudes the  s i g n i f i -  
cance of  t h e  f a c t o r s  and the e x t e n t  of t h e i r  i n t e r a c t i o n s  a s  w e l l  a s  the c u r v a t u r e  
of  the s u r f a c e s .  From t h e  e q u a t i o n ,  bo th  l i n e a r  and q u a d r a t i c  e f f e c t s  can be 
a s s e s s e d .  

The r e sponse  s u r f a c e s  f o r  c h a r  y i e l d  i n  t h e  e x t e r n a l  h e a t i n g  s e r i e s  a r e  d e s -  
c r i b e d  by t h e  r e g r e s s i o n  e q u a t i o n :  

y/1@ = 1.603 - . 004432  - . 0 1 6 1 ~ 1 ~ ,  + .01313% - .0634x, 

- .023852 + . 0 0 4 6 x , ~ ,  + . 0 9 1 7 ~ ,  

+ .0037%" + .008x, 

(3) 

The c o e f f i c i e n t s  of t h e  l i n e a r  terms,  0 . 0 6 3 4 3  and 0 . 0 9 1 7 5 ,  a r e  l a r g e r  t han  any 
o t h e r s ,  t h u s  t h e s e  l i n e a r  e f f e c t s  have the  g r e a t e s t  s i g n i f i c a n c e  on t h e  c h a r  y i e l d .  
S t a t i s t i c a l  a n a l y s i s  of  t h e  d a t a  i n d i c a t e s  t h a t  t h e s e  t w o  f a c t o r s ,  temperature  and 
f e e d - r a t e ,  a r e  the on ly  s i g n i f i c a n t  ones a t  t h e  95 p e r c e n t  conf idence  l e v e l .  Based 
on a s i m i l a r  equa t ion  f o r  t h e  i n t e r n a l  h e a t i n g  series,  t h e  c h a r  y i e l d  response i s  
s i g n i f i c a n t l y  dependent on ly  upon t h e  coa l - f eed  r a t e .  In a b s o l u t e  magnitude, t h e s e  
c o e f f i c i e n t s  a r e  s m a l l ,  i n d i c a t i n g  t h a t  the s u r f a c e s  have on ly  a s l i g h t  c u r v a t u r e  
w i t h i n  t h e  l i m i t s  of t h e  experiment .  

The c a n o n i c a l  e q u a t i o n  f o r  cha r  y i e l d  i n  e x t e r n a l  h e a t i n g  is: 

Y - 1,974 = -27 .44"  - 4 . 7 3 2  + 7.5%" (4) 

The form of t h i s  e q u a t i o n  i n d i c a t e s  t h a t  t h e  s u r f a c e  i s  saddle-shaped s i n c e  b o t h  

t i o n  p o i n t  i n  t h e  s u r f a c e ,  ( i . e . ,  n e i t h e r  a maximum o r  a minimum), and s i n c e  it 
o c c u r s  o u t s i d e  the expe r imen ta l  l i m i t s ,  any d e s c r i p t i o n  o f  t h e  b e h a v i o r  of  t he  s u r f a c e  

t h e  d a t a .  F igu res  4 and 5 p r e s e n t  a comparison of  t h e  shapes  of  t h e  s u r f a c e s  for  
y i e l d s  o f  c h a r  produced by e x t e r n a l  and i n t e r n a l  h e a t i n g ,  r e s p e c t i v e l y .  

p o s i t i v e  and n e g a t i v e  terms appea r .  The s t a t i o n a r y  p o i n t  i n  t h i s  c a s e  i s  an  inflec- I1 

n e a r  t h e  p o i n t  i s  mean ing le s s .  The saddle-shaped s u r f a c e  i n d i c a t e s  o n l y  a t r e n d  i n  1 )  

I 

S i m i l a r l y  d e r i v e d  from a n o t h e r  r e g r e s s i o n  e q u a t i o n ,  t h e  3-dimensional  diagrams 
i n  f i g u r e s  6 and 7 show t h e  r e sponse  s u r f a c e s  f o r  v o l a t i l e  m a t t e r  i n  t h e  c h a r ,  
r e s u l t i n g  from e x t e r n a l  and i n t e r n a l  h e a t i n g ,  r e s p e c t i v e l y .  Both s e t s  of s u r f a c e s  
a r e  saddle-shaped a s  were t h o s e  f o r  c h a r  y i e l d .  The r e s u l t s  of t h e  computed d a t a  
( t a b l e  3) show t h a t  t h e  s u r f a c e s  f o r  p e r c e n t  v o l a t i l e  m a t t e r  i n  the  c h a r  depend 
o n l y  on coa l - f eed  r a t e  i n  t h e  c a s e  of  i n t e r n a l  hea t ing .  With e x t e r n a l  h e a t i n g ,  both 
t empera tu re  and coa l - f eed  r a t e  have s i g n i f i c a n t  e f f e c t s .  Table  3 a l s o  summarizes 
t h e  r e s u l t s  f o r  t he  f o u r  r e sponses  d i s c u s s e d  above. 

F igu re  8 shows t h e  q u a n t i t a t i v e  r e l a t i o n s h i p  between c h a r  y i e l d  and coal-feed 
r a t e  f o r  b o t h  t h e  i n t e r n a l  and e x t e r n a l  h e a t i n g  series. I n  t h i s  diagram, the w a l l  
t empera tu re  of  t he  c a r b o n i z e r  and t h e  p e r c e n t  v o l a t i l e  matter i n  t h e  c h a r  a r e  s h a m  
as paramete r s .  
c o a l - f e e d  r a t e  a t  t h e  t empera tu re  l e v e l s  s h a m .  The broken l i n e s  r e p r e s e n t  s i m i l a r l y  
a f u n c t i o n a l  r e l a t i o n s h i p  between c h a r  y i e l d  and coa l - f eed  r a t e ,  b u t  w i t h  pe rcen t  
v o l a t i l e  m a t t e r  a s  a pa rame te r  a t  t h e  l e v e l s  shown. 
p e r c e n t  v o l a t i l e  matter i n  c h a r  a s  a f u n c t i o n  of t h e  c o a l - f e e d  r a t e  a t  given 

The s o l i d  c u r v e s  r e p r e s e n t  t h e  c h a r  y i e l d  a s  a f u n c t i o n  o f  t h e  

The diagram a l s o  shows the  



, c a r b o n i z a t i o n  temperatures .  Th i s  follows from t h e  f a c t  t h a t  t he  c h a r  y i e l d  is  a 
f u n c t i o n  of coa l - f eed  r a t e  a t  any c a r b o n i z a t i o n  t empera tu re ,  a s  s t a t e d  above. '. 

TABLE 3. - Results of f a c t o r i a l  analysis:  
y i e ld  and qual i tv  of the char produced 

Response 
Char yield 

Percent 
v o l a t i l e  
matter i n  
char 

Char 
yield 

Percent 
vo la t i l e  
matter i n  
che r 

'Factors c 

Significant 
factors' * 5  

Temperature. 
feed rate  

Temperature, 
feed rate  

Feed rate  

Feed rate  

isinn svstemal 

Best value 
of response2 
Maximum a t  
15% V.M. in 
char 

15% 

:,laximum a t  
15% V.M. i n  
char 

15% 

Conditions yielding 
best  response value" 
Low temperatures; 
high feed rates;  
C H ,  i n  gas 

Low temperatures; 
low feed r a t e s ;  
gas composition 
immaterial 

Low temperatures; 
low feed r a t e s  
(250-500 g / h r ) ;  
low %CH, i n  gas 

Surface extending 
from low temp.-- 
l o w  feed rate  to  
high temp.--high 
feed r a t e  

: variat ion i n  response. 

'ariance 
iccounted for4 

98.5 

84.8 

92.4 

83.1 

Heating 
Method 

External 
- 

Externa 1 

Inte ma 1 

In t e  ma 1 

- -  
2Desired value of response from process standpoint. 
JValues of var iables  ( factors)  required t o  give the desired response. 
,Percentage of random e r r o r  accounted f o r  i n  the experiment (below 80% 

of the r e s u l t  i s  poor.) 
' A t  95% confidence level. 

va l id i ty  

The f a c t o r i a l  des ign  i n d i c a t e s  t h a t  bo th  temperature  and c o a l - f e e d  ra te  a r e  
s i g n i f i c a n t  f a c t o r s  a t  t h e  95 p e r c e n t  conf idence  l e v e l  i n  t h e  e x t e r n a l  h e a t i n g  
series,  w h i l e  o n l y  t h e  coa l - f eed  r a t e  i s  s i g n i f i c a n t  a t  t h e  95 p e r c e n t  l e v e l  i n  
i n t e r n a l  h e a t i n g .  
e f f e c t  of  temperature  i n  t h e  e x t e r n a l  s e r i e s  is  seen  from t h e  g r e a t e r  sp read  between 
t h e  c u r v e s  compared wi th  t h e  s e t  of cu rves  f o r  i n t e r n a l  h e a t i n g .  
temperature  i s  c l e a r l y  p r e s e n t  i n  t h e  i n t e r n a l  h e a t i n g  series,  b u t  a t  a much 
lower s t a t i s t i c a l  l e v e l  of  conf idence .  

The diagrams i n  f i g u r e  8 r e f l e c t  t h e s e  conc lus ions .  'Ihe l a r g e r  

The e f f e c t  of  

The diagrams i n  f i g u r e  8 show t h a t  f o r  a g iven  coa l - f eed  r a t e ,  t h e  c h a r  y i e l d  
d e c r e a s e s  with i n c r e a s i n g  c a r b o n i z a t i o n  t empera tu res ,  a s  would be expected.  However, 
t h e  e f f e c t  of t h e  coa l - f eed  r a t e  on t h e  c h a r  y i e l d ,  a t  h i g h e r  f e e d  r a t e s ,  i s  
c o n t r a r y  t o  what one would expec t :  t h e  c h a r  y i e l d  d e c r e a s e s  a s  t h e  f e e d  r a t e  i n -  
c r e a s e s .  The observed d e v i a t i o n  i n  c u r v a t u r e  can be exp la ined  by the method used 
to  measure temperature .  
t h i s  i n v e s t i g a t i o n ,  t h e r e  i s  a d i r e c t  c o r r e l a t i o n  between t h e  t r u e  t empera tu re  of 
t h e  suspended s o l i d  p a r t i c l e s  and t h e  measured w a l l  t empera tu re  a s  l o n g  a s  t h e  
p a r t i c l e s  a r e  i n  d i l u t e  phase i n  t h e  moving gas  s t ream. However, above a c e r t a i n  
p a r t i c l e  c o n c e n t r a t i o n  t h e  c o r r e l a t i o n  between w a l l  t empera tu re  and p a r t i c l e  tempera- 
t u r e  c e a s e s  because t h e  p a r t i c l e s  moving downward i n  dense phase n e a r  t h e  c e n t e r  of 
t h e  c a r b o n i z e r  tube w i l l  no t  "see" a s  much o f  t h e  sou rce  of  r a d i a n t  h e a t  a s  t h e  
p a r t i c l e s  moving n e a r  t he  tube  wa l l .  I n  t h e  e x t e r n a l l y  hea ted  c a r b o n i z e r ,  t h i s  
shadowing e f f e c t  becanes so l a r g e  t h a t  t h e  w a l l  t empera tu re  i s  no l o n g e r  a true 

When t h e  t empera tu re  of t h e  r e a c t o r  w a l l  i s  measured, a s  i n  
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measure of  t h e  a c t u a l  t e m p e r a t u r e .  The same e f f e c t  is  confirmed by n o t i n g  t h e  
p e r c e n t  v o l a t i l e  m a t t e r  remaining in  t h e  c h a r .  S ince  t h e  same c o a l  is  used through- 
o u t ,  t h e  amount of v o l a t i l e  m a t t e r  remaining i n  t h e  c h a r  t h a t  i s  carbonized i n  
d i l u t e . p h a s e  is  d i r e c t l y  r e l a t e d  t o  t h e  c h a r  y i e l d .  A t  h igh coa l - feed  r a t e s  i n  t h e  
e x t e r n a l  h e a t i n g  s e r i e s ,  t h e  c u r v e s  r e p r e s e n t i n g  t h e  p e r c e n t  v o l a t i l e  m a t t e r  i n  t h e  
c h a r  drop  s i g n i f i c a n t l y  w i t h  i n c r e a s i n g  coa l - feed  r a t e ,  a l s o  i n d i c a t i n g  t h a t  t h e  
l i n e a r  r e l a t i o n s h i p  between w a l l  t empera ture  and c a r b o n i z a t i o n  tempera ture  h a s  
ceased.  

D i f f e r e n c e s  i n  c h a r  y i e l d  and p e r c e n t  v o l a t i l e  m a t t e r  remaining i n  t h e  c h a r  f o r  
bo th  series a r e  e v i d e n t  from t h e  diagram d i s c u s s e d .  The upper  p l o t  shows t h a t  t h e  
minimum v o l a t i l e  m a t t e r  l e f t  i n  t h e  c h a r  from t h e  e x t e r n a l  h e a t i n g  s e r i e s  was 
approx ima te ly  20 p e r c e n t ,  or 5 p e r c e n t  above t h e  15 p e r c e n t  cons idered  optimum f o r  
c o a l - b u r n i n g  powerplan ts .  The optimum of 15% V.M. could n o t  be a t t a i n e d  by means 
of  e x t e r n a l  h e a t i n g  o v e r  the e n t i r e  range of  f a c t o r  l e v e l s  i n v e s t i g a t e d .  
o t h e r  hand, t h e  lover g roup  of  c u r v e s  f o r  t h e  i n t e r n a l  h e a t i n g  s e r i e s  i n d i c a t e  t h a t  
15 p e r c e n t  V.M. c h a r  can b e  made (with an e n t r a i n i n g  gas  composi t ion o f  50 p e r c e n t  
N, and 50 p e r c e n t  C q )  a t  any t empera tu re  w i t h i n  t h e  d e s i g n  l i m i t s  of 1,500" t o  
1,90O0F, and a t  c o a l - f e e d  r a t e s  from 375 to  750 g/hr .  
was 1,075 l b  per  t o n  of c o a l  carbonized .  

On t h e  

The co r re spond ing  char  y i e l d  

A ccnnplete d e s c r i p t i o n  of t h e  y i e l d s  and q u a l i t i e s  of  a l l  of  t h e  p r o d u c t s  ( i n -  
c l u d i n g  g a s ,  l i g h t  o i l ,  t a r  and p i t c h )  w i l l  be inc luded  i n  a for thcoming U.S. BuMines 
Report  of I n v e s t i g a t i o n s .  

CONCLUSIONS 

The expe r imen ta l  r e s u l t s  of t h e  t w o  test series show t h a t  even h ighly  caking  
c o a l s  may be ccrbonized a t  a r a p i d  r a t e  i n  en t ra inment .  The q u a n t i t i e s  and q u a l i t i e s  
of  t h e  p r o d u c t s  can be c o n t r o l l e d  w i t h i n  t h e  l i m i t s  of  t h e  experiment  by a p p r o p r i a t e l y  
combining t h e  tempera ture ,  c o a l - f e e d  r a t e  and e n t r a i n i n g  g a s  composi t ion.  

L a r g e r  c o a l  t h roughpu t  r a t e s ,  w i t h  t h e  d e s i r e d  amount of v o l a t i l e  m a t t e r  remaining 
i n  t h e  c h a r ,  were p o s s i b l e  when t h e  c a r b o n i z e r  was heated i n t e r n a l l y  r a t h e r  than  
e x t e r n a l l y  because of more e f f e c t i v e  h e a t  t r a n s f e r ,  a l t hough  a t  t h e  expense o f  gas  
q u a l i t y .  Thus, by i n t e r n a l  h e a t i n g ,  optimum c h a r  q u a l i t y  (15% V.M.) was achieved 
w i t h  a throughput  of 750 g / h r  i n  a 4 - inch -d iame te r  c a r b o n i z e r  a t  1,900'F. 
c h a r  q u a l i t y  could not  be a t t a i n e d  by e x t e r n a l  h e a t i n g  over  t h e  e n t i r e  range o f  t h e  
v a r i a b l e s  i n v e s t i g a t e d .  

Comparable 

Diagrams obta ined  by r e sponse  s u r f a c e  a n a l y s i s  of  t h e  two s e r i e s  of t e S t - r ~ n 8  
were found u s e f u l  i n  p r e d i c t i n g  t h e  c o n d i t i o n s  under which a p r o d u c t  of  g iven  y i e l d  
and q u a l i t y  can be  produced.  Op t imiza t ion  of p r o d u c t  y i e l d s  and q u a l i t i e s  could be  
achieved  by subsequent  s e r i e s  of f a c t o r i a l l y  des igned  t e s t - r u n s  guided by t h e  t r e n d s  
i n d i c a t e d  by the  p r e s e n t  r e s u l t s .  

' 
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THERMAL CRACKING OF LOW-TEMPERATURE 
LIGNITE PITCH. PART 'II. 

Richard L. Rice,  Delmar R. Fortney,  and John S. Berber 

Morgantown Coal Research Center ,  Bureau of Mines, 
U.  S. Department of the Interior, Morgactown, W.  Va. 26505 

Thermal  cracking of pitch from the carbonization of Texas lignite at low 
temperature  has been under investigation a s  a means of producing aggregate and a 
binder tha t  could be used to fabricate carbon metallurgical electrodes.  A previous 
repor t  on this subject covered preliminary tes ts  on the thermal  cracking of l ig-  
nite pitch a t  1,450' F in a 2-1/2 inch diameter reactor  and showed that a variety 
of products could be obtained (L). In this work, a 4-inch diameter reactor  was 
utilized to evaluate oil, coke, and gas  quality and yields a s  a function of pitch 
feed ra te  temperature  between 1,200" and 1 ,450"  F. 

EQUIPMENT AND MATERIALS 

Figure 1 is a flowsheet of the system. The cracking unit consisted of a 93- 
inch length of 4-inch schedule 40, type 304, s ta inless-s teel  pipe, heated electri: 
cally. Total heating capacity of the c racker  was 13.74 kw. A 1-inch pipe 
extended up through the center  to within about 2-1/2 feet of the top and was per-  
forated with 1/4-inch openings to allow withdrawal of gas  and oil vapors from the 
reaction zone. 

Pitch utilized a s  feed mater ia l  was prepared by distilling crude low- 
temperature  lignite tar under vacuum to an atmospheric boiling point of 660" F. 
The pitch yield was about 45% of the ta r .  
t ies  of the pitch a r e  summarized in Table 1. 

Ultimate analysis and physical proper-  

PROCEDURE 

Pitch heated to 400" F was pumped from the feed tank by a gear  pump 
through electrically heated l ines  into the top of the thermal  c racker .  Pitch uti- 
l ized in  all the runs came f r o m  the same source and was analyzed each t ime for 
C and H content. No significant difference was found. A flow of purge gas  (11% 
C02 ,  8870 N2) swept products f rom the reaction zone. Cracked pitch was collected 
in the rece iver  and the oi l  was condensed and separated.  
the scrubber  and gas  me te r ,  then sampled and vented. 
las ted 1-1/2 hours ,  the pitch flow was stopped and the pump was flushed with tar 
distillate fraction (from tank) to keep the pump from freezing during shutdown. It 
is not likely that t rue steady state was achieved owing to change in reactor  geome- 
t ry  by build-up of coke. Steady 
s ta te  conditions a r e  believed to have been approached, however. 

Gas was passed through 
After each run, which 

Also, heat t ransfer  changed for the same reason. 

After the cracking unit cooled, it was opened a t  the top and bottom and the 
coke was removed from the walls. Cracked pitch was removed from the receiver 
and oil was drained from the condenser and knockout. Each of the three products 
was weighed to the neares t  one-tenth pound. 
to an  atmospheric boiling point of 752' F ,  giving about 20 to 30% distillate and 70 

The oil was distilled under vacuum 
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to 80% residue. 
softening point. .  If the tes t  resu l t s  were in the desi ied range,, the residue was 
used as  a n  electrode binder. The distillate was oxidized to phthalic and maleic 
anhydrides o r  separated.into acids,  bases ,  and neutral .oils; The neutral o i l s .  
were separated into n-olefins, paraffins, and aromatics .  , . 

This residue was tested for carbon and hydrogen content and for  

Gas produced. by the thermal cracking was analyzed by g a s  chromatography. 

RESULTS AND DISCUSSION 

Thermal  cracking was ca r r i ed  out at  temperatures  f rom 1 ,  200" to 1 ,450" F 
and pitch feed ra tes  varying from 5. 5 to 9. 5 lb /hr .  

A residence t ime (liquid basis)  of nearly 0. 70  second was found necessary 
to c rack  the pitch. 
was only slightly more  than 0. 55 second and cracking was not effected. Addition 
of a 2-1/2 foot length of pipe to  the c racke r  increased the residence time to 0.68 
second, an increase sufficient to crack the pitch. 

In initial t e s t s  with a 5-foot-long c racke r ,  the residence t ime 

Figure 2 shows the coke yield f o r  three different feed r a t e s  a t  the tempera- 
tures  investigated. 
indicating that the lower space velocity (gas  bas i s )  led to a g rea t e r  percentage of 
the pitch coming into contact with the hot wall of the c racke r .  The higher crack- 
ing temperatures  also produced more  coke. 
that had been used before, coke yields were  lower and cracked pitch yields were 
higher. 

Highest coke yields were obtained a t  the lowest feed ra te ,  

In the 2-1/2 inch diameter  reactor  

The oil  yield, shown in Figure 3 ,  was higher at the 5. 5 lb /h r  pitch ra te ,  but 

Possibly,  
a yield inversion occurred between 7. 0 and 9 .  5 lb /hr .  
decreased with increase in feed ra te  to a cer ta in  point, then increased. 
the oil is derived by two means during the cracking process:  
feed pitch, and ( 2 )  cracking, with the latter predominant a t  low ra t e s  and giving 
way to distillation a t  high r a t e s .  
carbon-hydrogen ratio of the oil  residue with increase in feed r a t e ,  as shown in 
Figure 4. Figure 4 also shows that the carbon-hydrogen ratio of the oil  residue 
increases  with increasing temperature,  this indicating the g rea t e r  cracking effect  
of higher temperatures.  

Thus,  the oil  yield 

(1 )  distillation of 

This s eems  to be verified by the idecrease in 

Gas yields, Figure 5 ,  appear to have been l e s s  affected by feed r a t e  until 

This indicates that higher cracking tempera- 
1 ,  300" F when the yields leveled out a t  different percentages,  the leveling plateau 
being higher a t  lower feed ra tes .  
tures  and longer residence t ime both tend to produce m o r e  gas  due to the g rea t e r  
amount of cracking that occurs .  

Typical mater ia l  balances a r e  given in Table 2. Product recovery was 
generally greater  than 90  percent. Some los ses  were incurred in removing the 
coke from the reactor and the cracked pitch from the receiver .  
balances had been established for the system in previous experiments and were 
published (l-). 
percent.  

Material  

In these ea r l i e r  tes t s ,  ma te r i a l  balances ranged from 91. 6 to 99. 1 

I 
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FIGURE 1. - Thermal  Cracking System. 
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GAS TRANSPORT THROUGH SECTIONS OF 'SOLID COAL 
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ABSTRACT 

Measurements were made f o r  hel ium and methane flowing through t h i n  d i s k s  of 
c o a l .  A t  room temper- 
a t u r e  and a p r e s s u r e  d i f f e r e n t i a l  o f  one atmosphere t h e  flows along t h e  bedding 
plane were: helium, 873 x cm2sec-l, and methane 1 . 2  x cm2sec-l. Flow 
rates were 50 percent  lower a c r o s s  t h e  bedding p lane  of t h e  c o a l  than along t h e  
c o a l  seam. 
mo1e-l f o r  methane f o r  f low measured e i t h e r  a long o r  a c r o s s  the  bedding p lane .  

Flow increased w i t h  p r e s s u r e  d i f f e r e n t i a l  and temperature .  

A c t i v a t i o n  e n e r g i e s  were 3.9 k c a l  mole- l  f o r  helium and 13.6 k c a l  

Knowing t h e  r a t e  a t  which gases  w i l l  d i f f u s e  through coa l  w i l l  h e l p  not  on ly  
i n  understanding r e a c t i o n s  t h a t  can alter t h e  p r o p e r t i e s  of c o a l ,  such as oxida- 
t i o n ,  b u t  a l s o  in s tudying  t h e  dra inage  of methane and o t h e r  combustible gases  
from c o a l  mines. Of a l l  t h e  methods of measuring d i f f u s i o n ,  varying from t h e  
de te rmina t ion  of massive emiss ion  from a coal-mine face to  t h e  measuring of desorp-  
t i o n  from micron-size p a r t i c l e s ,  gas  t r a n s p o r t  through s o l i d  c o a l  s e c t i o n s  appears '  
t h e  most promising. 
s e c t i o n s  o f  c o a l  c u t  p a r a l l e l  and perpendicular  t o  t h e  bedding p lanes  of the c o a l  
seam.  T e s t s  w i t h  a series of d i s k s  from v a r i o u s  l o c a t i o n s  i n  t h e  same mine have 
s h m  reproducib le  r e s u l t s .  Prev ious  i n v e s t i g a t o r s  have encountered d i f f i c u l t y  
io areasuring low flow rates through s o l i d  c o a l .  With a h igh  s e n s i t i v i t y  
(500,000 d i v i s i o n s  p e r  t o r r )  mass spec t rometer  w e  have measured t h e  flow of 
methane and o f  helium, a r e f e r e n c e  g a s ,  through s o l i d  s e c t i o n s  of  c o a l .  Methane, 
the c h i e f  component o f  f i r e  damp i n  a c o a l  mine, h a s  a very  low rate of  d i f f u s i o n  
a t  t h e  temperatures  u s u a l l y  found in  mines. 
gas  i n  c o a l  mines; flow mechanisms inc lude  d i f f u s i o n  through t h e  micropore s t r u c -  
t u r e  and permeation through the f r a c t u r e  system. 

F o r  t h e  p r e s e n t  experiments ,  t h i n  d i s k s  were prepared from 

CervikLI h a s  discussed t h e  flow of  

Labora tory-d i f fus ion  experiments  repor ted  by o t h e r  i n v e s t i g a t o r s  have been of 
two types .  
on ground c o a l  where g a s  p e n e t r a t i o n  i n t o  t h e  u l t r a f i n e  pore s t r u c t u r e  is d i f f u -  
s i o n  c o n t r o l l e d .  A second technique i s  t h e  d i r e c t  measurement o f  s flow a c r o s s  
a t h i n  s e c t i o n - - t h e  method used i n  t h i s  i n v e s t i g a t i o n .  Z w i e t e r i n g ?  and S c h i l l i n g z /  

One type of  experiment  is t h e  measurement o f  s o r p t i o n  o r  d e s o r p t i o n  

, 

s i o n  c o e f f i c i e n t s  on  methane s o r p t i o n  o n  powdered c o a l .  G r a h a d  and 
repor ted  d i f f u s i o n  c o e f f i c i e n t s  f o r  methane flow through a t h i n  sec-  

t i o n  o f  c o a l .  

Gas f ow rate,  1 -1 

S v i e t e r i n  21 Powder 27 2 x 10-1* 
Powder 73 6 3 x 10'10 

Graha& Disk 760 1 5  x 10-8 
Sevens ter5-l Disk 400 3 x 10'11 

P r e s s u r e  d i f f e r e n t i a l ,  
Investigator Coal form t o r r  cm sec 

Sch ill ingJ 5 



Sorp t ion  methods r e q u i r e  an estimate o f  su r face  a r e a ,  pa th  l e n g t h ,  and f r e -  
quen t ly  a temperature e x t r a p o l a t i o n .  
d e s o r p t i o n l l  r epor t ed  d a t a  i n  t e r n s  o f  cm3g-lsec-l .  
comparing gas f l o w  a t  va r ious  temperatures  and p r e s s u r e s .  The d a t a  presented i n  
t h i s  paper  may be more p rope r ly  de f ined  as flow r a t e s  than d i f f u s i o n  c o e f f i c i e n t s .  
The r a t e s  a r e  expressed a s  cm2sec-l based on t h e  volume o f  gas  t r a n s p o r t e d ,  t he  
geometric area o f  t h e  f ace ,  and t h e  th i ckness  of  t h e  coa l  d i s k .  

Hofer61 us ing  adso rp t ion  and Walker u s ing  
These d a t a  are u s e f u l  f o r  

EXPERIMENTAL 

Our experimental  procedure i s  a mod i f i ca t ion  of t h e  method r epor t ed  by 
S e v e n s t e r . l /  Coal d i s k s  were prepared from sound c o a l  samples s e l e c t e d  from t h e  
Bruceton Mine i n  the  P i t t s b u r g h  seam (hvab c o a l ) .  A sample was considered sound 
i f  i t  had no v i s i b l e  c racks  and i f  t he  helium flow m e t  s t anda rds  e s t a b l i s h e d  by 
t e s t i n g  a l a r g e  number o f  coa l  d i s k s .  The d i s k s  were c u t  and ground t o  13 t o  
1 9  uun d iame te r  and 1 to  6 mm th i ckness .  Disks about  1 mm t h i c k  were good f o r  
p re s su re  d i f f e r e n t i a l s  of  20 t o  120 torr ,  b u t  6 mm th i ckness  was necessa ry  f o r  
p re s su re  d i f f e r e n t i a l s  of about  1 atmosphere.  The d i s k s  were prepared so t h a t  
gas flow could be measured e i t h e r  a long o r  a c r o s s  the  bedding plane of t h e  c o a l .  
Each c o a l  d i s k  was sea l ed  wi th  epoxy cement t o  t h e  f l a r e d  end of a g l a s s  tube 
which had been fused i n s i d e  ano the r  g l a s s  tube (Figure 1).  T h i s  e s t a b l i s h e d  two 
bulbs  sepa ra t ed  by t h e  coal d i s k .  The bulbs  were evacuated t o  less  than 1 micron 
p r e s s u r e  over  a per iod of 18 hour s  a t  100" C .  A f t e r  evacuat ion bulb A was f i l l e d  
w i t h  hel ium o r  methane a t  20 t o  760 t o r r .  Bulb B w a s  opened a t  a p p r o p r i a t e  i n t e r -  
v a l s  and t h e  gas analyzed by m a s s  spectrometry.  Gas flows were measured a t  approx- 
imately 10" C i n t e r v a l s  between room temperature  and 100" C with t h e  temperature  
c o n t r o l l e d  with an e l e c t r i c  h e a t i n g  j a c k e t  and the rmos ta t .  Gas flow rates  were 
expressed as cub ic  cen t ime te r s  ( a t  s t anda rd  cond i t ions )  o f  helium o r  methane 
which would pass  pe r  second throu h a d i s k  1 square cen t ime te r  i n  c r o s s  s e c t i o n  
and 1 cen t ime te r  i n  th i ckness  (cmgsec-l). The p r e s s u r e s  i n  t h e  two b u l b s  remained 
e s s e n t i a l l y  cons t an t  du r ing  each  experiment.  

The p re t r ea tmen t  o f  t h e  c o a l  d i s k  s t r o n g l y  inf luenced t h e  i n i t i a l  rate o f  gas 
f low.  The s tandard p re t r ea tmen t  (evacuat ion a t  100" C f o r  18 hours)  was designed 
t o  evacuate  gases  from t h e  coal-pore system wi thou t  a l t e r i n g  the  c o a l .  Gas flow 
through a f r e s h l y  evacuated d i s k  was r ap id  a t  f i r s t  bu t  decreased w i t h  t i m e ,  and 
r ep roduc ib le  d a t a  could on ly  be obtained a f t e r  a n  induc t ion  per iod o f  s e v e r a l  days.  
A f t e r  3 days a cons t an t  flow r a t e  was observed. I n i t i a l  flow rates v a r i e d  with 
t h e  e x t e n t  of evacuat ion,  bu t  i n  a l l  cases t h e  d a t a  were r ep roduc ib le  a f t e r  a 
s t eady  flow r a t e  was e s t a b l i s h e d .  

RESULTS 

Data were obtained f o r  10 d i s k s  o f  varying th i ckness  and c u t  e i t h e r  a long o r  
a c r o s s  the  bedding p l ane  o f  t h e  coa l  seam. Helium flows were measured bo th  along 
and a c r o s s  the  bedding p l anes  a t  s e v e r a l  temperatures  between 24" and 100" C .  
Arrhenius p l o t s  gave a c t i v a t i o n  ene rg ie s  o f  3 . 9  k c a l  mole-1 f o r  flow i n  e i t h e r  
d i r e c t i o n .  The flow r a t e  a long the  bedding plane w a s  approximately t h r e e  times 
the  r a t e  a c r o s s  t h e  bedding p l ane .  Helium flows were measured a l s o  a t  a s e r i e s  of 
p r e s s u r e s  between 4 t o r r  and 760 t o r r  and a t  room temperature .  These d a t a  were 
e x t r a p o l a t e d  t o  zero f l o w  a t  z e r o  p re s su re  drop.  

Since the  flow va r i ed  d i r e c t l y  wi th  p r e s s u r e ,  helium flow rates could be c a l -  
c u l a t e d  a t  room temperature and a p re s su re  d i f f e r e n t i a l  o f  l atmosphere.  

Gas flows a t  room temperature  and a p res su re  d i f f e r e n t i a l  o f  1 atmosphere,  
observed d i r e c t l y ,  have been v e r i f i e d  by e x t r a p o l a t i o n  of a ser ies  of obse rva t ions  
a t  s e v e r a l  p re s su res  and temperatures .  
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Helium flow, cm2sec-latm-' x l o l o  
from temperature  d a t a  from pressure d a t a  d i r e c t  

Flow along 1114 786 780 

Flow across 361 325 300 

I n  l i k e  manner methane flows were measured both along and a c r o s s  t h e  bedding 
p l a n e  a t  s e v e r a l  t empera tures .  Arrhenius  p l o t s  (Figure 2 )  gave a c t i v a t i o n  energ ies  
o f  13.6 k c a l  mole- l  f o r  flow i n  e i t h e r  d i r e c t i o n .  
p r e s s u r e  (Figure 3 ) .  

Methane flow a l s o  v a r i e d  wi th  

Methane flow r a t e s  w e r e  ob ta ined  from t h r e e  sources .  

Methane flow, cm2sec-'atm-l x l o l o  
from temperature  d a t a  from pressure d a t a  d i r e c t  

Flow a long  1.2 1.2 1 .2  
Flaw a c r o s s  0.3 1.2 0.5 

DISCUSS ION 

The mechanism f o r  g a s  f low through coa l  could be molecular  d i f f u s i o n  through 
t h e  small pores ,  bulk d i f f u s i o n  through t h e  l a r g e r  pores ,  o r  permea ion  through 
t h e  f r a c t u r e  s y s t e m  o f  t h e  c o a l  bed. Zwieter ing and van Krevelen,- 8f u s i n g  mercury 
p e n e t r a t i o n ,  measured t h e  p o r e - s i z e  d i s t r i b u t i o n  f o r  a l o w - v o l a t i l e  b i t  inous 

t h e  v a r i o u s  flow mechanisms encountered i n  mine workings.  The r e p r o d u c i b i l i t y  
between c o a l  d i s k s  makes i t  u n l i k e l y  t h a t  f r a c t u r e  p o r o s i t y  was encountered i n  
t h e  l a b o r a t o r y  tests d e s c r  bed i n  t h i s  paper .  Di f fus ion  o f  gases  through porous 
s o l i d s  h a s  been d e s c r i b e d  
l a w )  and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  square r o o t  of  t h e  molecular  weights  of 
t h e  gases .  This paper  h a s  confirmed t h e  a p p l i c a b i l i t y  of  F i c k ' s  l a w  b u t  n o t  t h e  
molecular  weight dependence. 
t h e  rate o f  methane; t h e  r a t i o s  observed were 800:l a t  room temperature  and 40:l 
a t  looo C. 
t h e  pore w a l l s  o r  by a c t i v a t e d  d i f f u s i o n  as suggested i n  r e f e r e n c e s  5 and 8. 

coal and found pores  v a r y i n g  from a few angstroms t o  50,000 A. C e r v i k  1y" descr ibed  

as p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  g r a d i e n t  (F ick ' s  

For molecular  flow helium should d i f f u s e  a t  twice 

This might be expla ined  a s  d i f f u s i o n  modified by g a s  a d s o r p t i o n  on 

Flow along t h e  bedding p l a n e  was f a s t e r  than flow a c r o s s  t h e  bedding p l a n e .  
The assumption t h a t  t h e  rate of  g a s  t r a n s p o r t  would vary i n v e r s e l y  wi th  t h e  d i s k  
t h i c k n e s s  was supported where a d i s k  2.2 mm t h i c k  w a s  compared wi th  a d i s k  6 .0  mm 
t h i c k .  

alonfOthe 
Methane flow d a t a  o b t a i n e d  i n  t h i s  s tudy  (1.2 x 10-10m2sec-1atm-1 

bedding p l a n e ,  0.7 x 1 0 - l o  a c r o s s )  c a  
cdsec'Latm'l repor ted  by S e n e n s t e r . 2 7  The two experiments  were c a r r i e d  o u t  on 
d i f f e r e n t  c o a l s  and p o s s i b l y  d i f f e r e n t  o r i e n t a t i o n s  of t h e  bedding p lane .  
a c t i v a t i o n  e n e r g i e s  r e p o r t e d  h e r e  f o r  methane (13.6 k c a l  mole-I)  and hel ium (3.9 
k c a l  mole-1) are c o n s i s t e n t  w i t h  d a t a  i n  t h e  r e c e n t  l i terature.  K a y s e r g l  meas- 
u r e d  g a s  s o r p t i o n  on a 30-percent  v o l a t i l e - m a t t e r  c o a l  and repor ted  10.9 and 2.4 
k c a l  mole-1 r e s p e c t i v e l y  . 

be compared wi th  the va lue  0.28 x 10- 

The 
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THERMOCOUPLE 

TO MASS SPECTROMETER L 

TO GAS SAMPLE 
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Figure  1 . -  D i f f u s i o n  apparatus.  
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Figure 2 . -  Gas flow as a func t ion  of temperature .  Methane flow a l o n g  
and a c r o s s  t h e  bedding plane o f  P i t t s b u r g h  seam c o a l .  
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I. I n t  rociuct Lon 

The presence of a t o m  and rree radicals i n  a methane-air flame 
Drocuces not only carbon Ciioxidi': and water b u t  a l so  a l a rge  number of 
t r a c e  const i tuents  i n  part .-per-nil l ion and part -per-bi l l ion concentra- 
t i o n  l eve l s .  These include the oxides of nitrogen, unsaturated hy- 
drocarbons, and p a r t i a l l y  oxygenated species.  This paper w i l l  discuss 
the  e f f e c t s  of flame chemistry on ethylene and the oxides of nitrogen. 
It w i l l  be shown t h a t  similarities d o  e x i s t  i n  the formation of these 
s9ecies i n  flames a t  atmospheric pressure, but  the dissimilarities are 
of 5vcn g rea t e r  i n t e r e s t  than the  similarities. I n  pa r t i cu la r ,  ethy- 
lent? i s  found i n  much higher concentrations i n  the flame than NO and 
YO2 desp i t e  t h e  f a c t  that it i s  thermodynamically unst.able whereas the 
ni t rogen oxides are not.  

Studies of the react ions of nitrosen, n i t r i c  oxide, and oxygen at 
hish ternperatwe ind ica t e  that the formation and disappearance of 
n i t r i c  oxide, t h e  pri.mar;r oxide of nitrogen found i n  flames and f l u e  
prx?.ucts, occLir a t  ver.7 low rates.' With the add i t iona l  f a c t  that, i n  

Kauhan, F. an: Gecker, L. J., "Seventh Symposium ( In t e rna t iona l )  
on Combust ion, Butterworths, London, 57 (1958 ) . 

t h e  methane-air flame and i;.s hot reac t ion  products, where there i s  
usually l i t t l e ,  i f  any, oxur:;en as such, it i s  apparent tha t  the occur- 
rence of the oxides of nitroTen are d u e  t o  processes involving t h e  re- 
a c t i o n  intermediates of  the fuel-oxygen react ion.  Details of such 
elementary processes are not known. The evidence obtained from studies  
on hydrogen-nitric oxide and hydrocarbon-nitric oxide flames indicates  
t h a t  i f  any n i t r i c  oxide e x i s t s  i n  t h e  react ion products, it i s  i n  
equilibrium amounts' ( t h a t  i s ,  7:rith nitroqen and oxygen). 

' i!clfhard, Y. G. and Parker, W. G . ,  " F i f t h  3rmposim ( In t e rna t iona l )  
on Corrbustion," Reinhold, 71'- (1355;:. 

3 oen.;:al pat torn of' :c;dr.ozarbori oxidation i n  flames has been 
_. ,__ . ._ --,:;-,,:el;; :-,;;<iief &'t:hol;-:- - .r.ar,;.- of the  , ( ; t a i l ed  reazt ions remain t o  
:=cr 1dr:ntified and reaswed .' 
_._. 

It has been incicated" t h a t  i n  oxygen-rich 
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sa tura ted  hydrocarbon flames, hydrocarbons lower than the  i n i t i a l  f u e l  
a r e  formed through t h e  reac t ion  sequence . / 

4 OH + C, -, H20 + C n '2n+l 'n-1 H2n-2 + ''3 

This i s  the  case when t h e  i n i t i a l  r ad ica l  formed i s  higher than ethyl ,  
the CHs rad ica l  being s p l i t  off t o  form the  next lower o le f in .  In  t h e  
methane-air flame, however; ethylene and other  C2 species  are expected 
t o  arise as a result of the  recombination of methyl r ad ica l s  

From this point o f  view, ethylene formation i n  flames might, be expected 
t o  follow the pat tern of the  cracking reac t ion  of methane. However, 

it must be noted, as will be emphasized i n  t h i s  paper, t h a t  the rate 
of formation and decay of ethylene (as w e l l  as the oxides of ni t rogen)  
cannot be considered as merely a pure pyrolysis  o r  d i r e c t  t h e m 1  re- 
ac t ion ,  t he  chemistry o f  combustion grossly in t e r f e r ing  and competing 
with these  mechanisms. 

11. Experimental 

pressure burner. The burner, schematically depicted i n  Figure 1, con- 
sists of a long v e r t i c a l  tube, approximately 3/4 inch i n  diameter, 
through which various methane-air mixtures are fed, surrounded by a 
larger annular region providing a secondary feed t o  the  flame. By 
means of batch-sampling with a quartz microprobe' and ana lys i s  with a 

This work w a s  car r ied  out w i t h  a large,  single-port  atmospheric 

See Reference 3, Chapter 9. 

Varian Aerograph series 1200 Chromatographic unit  (employing a flame- 
ion iza t ion  de tec to r ) ,  concentration p r o f i l e s  f o r  t he  various f l a t  
methane-air flames were obtained. A batch sampling time of about 15 
Seconds was used in most cases.  The ad jus tab le  quartz probe was con- 
nected t o  the  sampling and de tec t ion  loop by means of Teflon-tubing. 
The diameter of t h e  porous p l a t e  burner w a s  5.2 cm. Aeration of  the 
primary mixture w a s  varied from 84% t o  100% t o  120% of t h e  s toichio-  
metr ic  a b  required f o r  combustion. Primary mixture flow r a t e s  were 
varied from 1 5  t o  30 SCF per hour, and secondary air flow r a t e s  were 
varied from 10 t o  20 SCF per hour. 
of molecular s i eve / s i l i ca  g e l  column. 
were separated'from o the r  flame products by means of a column of 
Poropak-5 (50-80 mesh). 
52OC t o  ensure good peak readout. 
methane was employed in the  study with no fu r the r  pur i f ica t ion .  

NO and NOn were separated by means 
Ethylene concentration prof i les  

The columns were operated a t  a temperature Of 
Matheson Ultra-High Pur i ty  grade 
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III. Results an6 T'iscussion 
\ 

\ 

A. Oxiccs of I\Iitroqcn 

The format.ion of t h i  o s idcs  of nitro;;t.n i n  methane-air flames i s  
frequnntl:: considt.r-3-d as a s idc reac t ion  of t.li~? combustion process; 
the  oxides i'ormiq b e c a a c  air i s  heatdd t o  a hi<h i;ornperature. Tlic 
data presented here ind ica t e s  that  t h i s  i s  not the case. 

Figurcs 2 and 3 anc Tab12 1 i n d i c a t e  t ha t  NO2 i s  found i n  t h e  
"preheat" 3r t ransport  region between t h e  surface of t hc  f l a t  flame 
burner and the flame. The concentration of NO2 incrc?a.ses from zero 
t o  as much a s  10 spm over t h i s  1 mm dis tance.  ( I n  inost cases, a l l  
reported concentrations are reproducible t o  w i t h i n  k1 ppm. ) 

af te r  t h e  flame snoi:r both a n  increase i n  the t o t a l ,  NO + NO2, and a 
 an^:-‘ i n  t ! : ~  r a t i o  between these two species.  For a stoichiometric 
x t h a n e - a i r  flame with a secondary stream of a i r  the Concentrations are 
'7.5 ?,pm of NO2 ana 0 ppm of' NO a t  a height of 0 . 1  c m .  A t  a height of 
1.1 CE (about 1 . 0  ern above the flame), the concentrations along the  
cen te r l ine  of the burner have become 2 . 0  ppm of NO2 and 11.0 pprn of 
?IO. The dccrc-ase i n  t he  concentration of NOa i s  5 .5  ppm while t h e  in- 
zrease i n  MO i s  1 1 . 0  ppm. Both Figures 1 and 2 i nd ica t e  that t h e  bulk 
species (ni t rogen oxides) concentrations are e s s e n t i a l l y  constant in 
t h e  region above the flat flame. 

Beyond t h i s '  "f'lame zone" the ;inal r a t i o  of NO t o  NO2 i s  s t rongly 
affected by the conditions i n  the  
For example, i n  a stoichiometric flame t h e  NOe i s  observed in increase 
from about 2 ppm a t  a height o f  1.1 em t o  almost 5 ppm at 3.6 cm above 
the  burner. The NO concentration decreases from about 1 0  ppm t o  7 ppm 
over t h i s  same dis tance.  The t o t a l  concentration remains constant at 
1 2  ppm. 

A model of t he  detai led chemistry of NO and NOa was developed t o  
explain the r a t e s  of formation observed for the oxides of nitrogen. 
The react  ion s e t  includes the following react ions:  

The measured concentrations of the oxides of ni t rogen before and 
-,!? 

cooling'' region above the flame. 

N2 +- 0 NO + N 
NO + N -, N a  + 0 
0 2 + N 4 N O + 0  
NO + 0 02 + N 

2FiOZ 4 2NO + 02 (MI + NO + 0 - r?02 + (MI 

The inportance o f  these rcact ions f o r  NOo2 formation in flames can be 
cotermined 'E;; compariw; t;!x calc!ilat:;d time required f o r  each of these 
react ions to f o m  t h e  obsr;r.vcc amount of NO and NOn w i t h  t he  ac tua l  
time avai lable  f o r  rpact ion i n  t h e  flame. I n  t h i s  way, the r e l a t i v e  
imcortancc. gr t.il.-: react ions can be determinec. The r e s u l t s  arc ex- 
;;-e;csec f G r  t k ~ ; .  r s e c i f i c  r.t.<ions. The rtTions, of  course, are not 
irla.;?encE-ni b u t  arc; c lo se ly  linkecl t o  each other  (Table 11). The 
3roclr:ss can be vir!:aliz-rl. as f'ollows: The f u e l - a i r  mixtlure leaves 
t h e  blirner and flows thro:qh :.h? preheat reZion. H w e ,  the  gases 

t h e  burner. Tkie preheatrid m i z t u r e  then ir;nitr;s, c a u s i n f , a  rapid change 
r a n i G i - , -  increase i n  temp.;.raturc; becadso of tho heat flowing back t o  
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i n  composition and a f u r t h e r  increase i n  temperature. 
changes i n  composition from a f u e l - a i r  mixture t o  combustion products 
together  wi th  t he  s t e e p  temperature gradients  make the  flame ana lys i s  
complex -hence, the segregation of t he  flame in to  regions which a re  
easier t o  handle by conventional ca lcu la t ions .  

I n  the preheat region, NOa i s  formed by rapid formation of NO and 
subsequent complete oxidation of t he  NO t o  N 0 2 .  The calculated r e s i -  
dence times of reac t ions  1, 2, 3, and 4 are i n  good agreement with 
t h e  ac tua l  residence time i n  the system. F i  ure 4 shows that the t o t a  
concentration of t h e  oxides of nitrogen (NOx? increases while NO2 de- 
creases .  The k i n e t i c s  o f  reac t ion  5 adequately describe the decompo- 
s i t i o n  step,  while react ions 1 and 3 accounted f o r  the  increase i n  
(NO + N O 2 ) .  
remains constant. The reac t ion  of NO w i t h  atomic oxygen roughly pre-  
d i c t s  (within *10 ppm) the  observed oxidation. 

I n  an attem t t o  r e f ine  the  ca lcu la t ions  fo r  t he  system, reac- 
t i o n s  1 through were combined w i t h  a mathematical model of a f l a t  

so that a complete time-temperature composition h is tory  of 

These rapid 

Beyond the combustion region, the concentration of NOx 

W e i l ,  S. A. ,  S t aa t s J  W. R. and Rosenber R. B.,  h e r .  Chem. Soc. 
(Div. Fuel Chem. ) Prepr in ts  l.0, No. 3,  8 4  (1966). 

W e i l ,  S. A. ,  I n s t i t u t e  of Gas Technology R e s .  B u l l .  No. 2, 
Chicago (1964 ) . 

7 

t h e  feed mFxture could be determined. T h i s  calculat ion,  performed on 
a n  e lec t ronic  computer, did not serve t o  improve the  d i s p a r i t y  between 
observed and ca lcu la ted  values. 
rate constants present ly  ava i lab le  i n  the  l i t e r a t u r e .  The combustion 

The computation usedsthe data f o r  

Schofield, K., Planet Space Sei .  2, 643 (1967). 

i 

react ions were described by an overa l l  k ine t i c  expression of t h e  form 

The sources of t h e  atomic species were assumed t o  be the  equilibrium 
set of react ions : 

20 + M 02 + M 
2 N  + M NE + M 

The numerical p red ic t ions  f rom t h i s  model show that t h i s  mechanism 
can produce only about 1 ppm of NO and a l m o s t  no NO2. 
source of e r r o r  i n  the  model i s  the assumption of  equilibrium o f  0 and 
N. It i s  w e l l  known that these s p e c i y  e x i s t  i n  concentrations greater) 
than equilibrium ( f o r  N2 and O2 i n  a non-reacting" system) but the 
exact concentrations at various points i n  an atmospheric pressure flame 
a r e  not known. 

The most obvious 
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B. Ethylene 

The concentration of t t h i l e n e  i n  various regions of a flame i s  
s t rongly dependent upon t h e  fuel/air r a t i o  i n  the  primary mixture. 
For a fue l - r ich  mixture (84$ of s toichiometr ic  air i n  the  primary mix- 
t u r e  with a secondary air  s t ream),  the peak ethylene concentration i s  
almost 800 ppm. Th i s  occurs at  a radial pos i t ion  of about 0.7 em from 
the  burner center l ine  ( the  burner diameter i s  2.G em). 
concentration a t  the  center l ine  i s  about b50 ppm. For a stoichiometric 
primary f u e l - a i r  m i x t u r e ,  t h e  maximum ethylene concentration occurs at 
t h e  Same point but i t s  concentration i s  only 400 ppm. The concentra- 
t i o n  a t  the center l ine  of t h i s  flame i s  almost zero. For a fuel- lean 
flame (120% of s toichiometr ic)  the  maximum concentration o f  about 300 
ppm occurs a t  t he  burner center l ine .  This concentration decreases 
slowly w i t h  d is tance from the  center  out t o  2 cm. A t  t h i s  point, d i l u -  
t i o n  by the  secondary air  becomes large,  and the concentration decreases 
from about 240 ppm t o  about 50 ppm between 2.0 and 2.5 cm. 
ures 5 and 6. ) 

One s t r i k i n g  d i f fe rence  between NOx and C2H4 i s  i n  the  radial 
concentration p ro f i l e s .  A s  noted, both the fue l - r i ch  and t h e  s to ich io-  
metric flames show peak ethylene concentrations at  0.7 em from the 
burner center l ine .  By contrast ,  t h e  peak NOx concentration occurs a t  
the center l ine  i n  both of these flames, t h e  concentration decreasing 
with increasing dis tance.  The sha e of the  NO, vs. d i s tance  curve 
changes as a funct ion of the  f u e l / % , r  r a t i o  but the pos i t ion  of the 
maximum concentration i s  always at the burner center l ine .  

A second d i f fe rence  between NO, and C2H4 involves the  postcombus- 
t i o n  react ions.  E th  lene  forms i n  the v i s i b l e  flame region i n  concen- 
t r a t i o n s  as high as 800 ppm. 
combustion region w i t h  3 ppm or  l e s s  pe r s i s t i ng  t o  a height of 3.5 cm 
above the  burner. Consequently, the conditions i n  t h e  post-combustion 
region a r e  of primary importance i n  determining the final emissions 
of C2H4. By contrast ,  t he  t o t a l  concentration of NOx i s  determined 
by the  flame and not by t h e  post-combustion react ions.  The t o t a l  NOx 
concentration remains constant i n  t h i s  region w i t h  only t h e  r a t i o  of 
NO t o  NO2 changing. For example, the concentration of NO, produced by 
a s toichiometr ic  flame i s  about 1 2  ppm. Leaving the  flame front ,  the 
combustion products w i l l  contain about 2 ppm of NOa and 1 0  ppm of NO. 
A t  a height of 3.5  cm, the  concentrations are 5 ppm of NO2 and 7 ppm 
3f NO with the t o t a l  concentration remaining constant.  

C. Ethylene Formation i n  Methane-Air Flames 

We have experimentally characterized the formation of ethylene 

The ethylene 

(See Fig- 

Most of t h i s  ethylene r eac t s  i n  the  post- 

(C2H4) i n  a flat methane-air flame. 
these important conclusions : 

0 Oxjgen has two important e f f e c t s  on CZH4 formation. 1) Oxygen o r  
air in the  r m r y  methane-air mixture decreases t h e  production 
of C2H4. 
The d i f fus ion  of secondarj  air  i n t o  the flame increases  the  C2H4 
formation, with the  increase being g rea t e s t  f o r  fue l - r i ch  primary 
mixtures. We have developed a hypothesis f o r  t he  e f f e c t  of O2 t o  
explain this anomoly which i s  consis tent  w i t h  s t u d i e s  of ethylene 
formation i n  other  systems. 

Analysis of t he  data has yielded 

27 Oxygen from the  secondary air  has t h e  opposite e f f e c t .  
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0 A methane-air flame does produce s ign i f i can t  amounts of C2H4 i n  
the combustion products. A s  much as 3 ppm have been observed. 
However, almost 800 ppm of C2H4 i s  present in the  v i s i b l e  reac t ion  
zone of t he  flame. 

0 All of the C2H4 forms i n  t h e  v i s i b l e  reac t ion  zone. Most of t h i s  
CnH4 reacts  ( t o  form COa and H20) downstream of the flame. Quench- 
ing  t h e  flame by impinging it on a cold surface could g rea t ly  in-  
c rease  the amount of C2H4 i n  the  combustion products by preventing 
t h e  downstream reac t ions  of C2H4. 

Hypothesis f o r  Ethylene Formation 

We a r e  pos tu la t ing  t h a t  ethylene forms v i a  a reac t ion  of some 
species,  a s  ye t  undetermined with oxygen. T h i s  can be i l l u s t r a t e d  as 
follows : 

Q + 02 C2H4 + products (10) 

(11) 

The oxygen has an a l t e r n a t e  reac t ion  path ava i lab le  t o  i t :  

CH4 + 202 - CO2 + 2H20 

Thus, t he re  i s  a competition f o r  the  ava i lab le  oxygen between species 
0. (which forms e thylene)  and CH4 (which does not form e thylene) .  
i s  probable t h a t  t h i s  i s  not the only path by which ethylene forms, 
another being - 

It 

2CH4 -, C2H4 + 2H2 

By so  doing, it decreases t h e  formation of ethylene v ia  

(12  1 
The e f f e c t  of oxygen i n  t h e  primary methane-air mixture i s  t o  

consume CH4. 
Reaction 12.  The e f f e c t  of oxygen from the  secondary a i r  is t o  en- 
hance Reaction 1 and thereb; increase ethylene formation. 

For the  fue l - r i ch  and s toichiometr ic  flames (Figures 5 and 6 ) ,  
there  i s  a considerable d i f fe rence  i n  t h e  C2H4 concentrations between 
the  burner center l i n e  and 0 .7  em from the  center  l i ne ;  t he re  i s  more 
ethylene at 0.7 ern than a t  the  center  l i n e .  
of some physical o r  chemical difference between the  two points  that i s  
caused by some outs ide inf luence on the system because temperatures 
and species  concentrations across  a f l a t  flame burner would otherwise 
be uniform. 

This must be t h e  r e s u l t  

The poss ib i l i t y  of temperature d i f fe rences  causing C2H4 concen- 
t r a t i o n  differences w a s  rulzd o u t ;  previously obtained p r o f i l e s  show 
that the  temperature d i f fe rence  between these  two points i s  only a few 
degrees K e l v i n  - not enough t o  account fo r  a 150-350 ppm concentration 
6 i f  rerence.  

d i f fe rence  i n  C2H4 concentrations between the two sampling points 1.3 
the  r e s u l t  o f  d i f f e r i w  O2 concentrations.  Essent ia l ly ,  02 di f fuses  
i n t o  t h e  pr imarj  reaTtion zone from the secondary a i r  stream. 
cen t r a t ion  gradient results where the re  i s  approximately 0.5-3$ more 
O2 at a r ad ia l  o s i t i o n  of 9.7 cm than at the  center  l i n e  of the bWner 
(Figures 7 and 8 ) .  
i n  excess of what i s  formkd at the  center  l i n e .  

It appears that O2 enhances the formation of C2H4 and t h a t  the 

A con- 

The addi t iona l  O2 at 0.7 cm then causes C2H4 t o  form 
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The O2 s r o f i i e s  show that no oxygen from the secondary i s  present 

a t  the  burner x m t e r  l i n e .  Therefore, the  vaiue of the C2H4 concentra- 
t i o n  a t  t h i s  point i s  the  valuc that Frould appear !inifomnly a c m s s  the 
burner shoulc: no secondar:: a i r  c s i s t .  

Beyond a ' radial  posi t ion of 3.7 cm (Figures 5 an2 6 ) ,  the  lower 
concentrations of ethylene a r e  probably caused by lover  temperatures 
overshadowing O2 enhancement. More extensive d i l u t i o n  by secondary 
a i r  w i l l  l a so  account f o r  part of the  concentration decrease. I n  this 
region t h e  formation reac t ion  or  reac t ions  would have the poten t ia l  
o f  being speeded up by the addi t iona l  O2 founa nearer the secondary. 
However, the lower temperatures would have the  opposite e f f e c t  of  slow- 
% the  formation reac t ion .  Apparently, temperature i s  the  stronger 
of  the  two e f f ec t s .  This r e s u l t s  i n  l e s s  C2H4 being produced at  t h e  
edges of the  burner. 

The data  ind ica te  t h a t  there  is a l s o  some upper l i m i t  of O2 con- 
cent ra t ion  i n  the primary, above which C2H4 formation i s  no longer 
detectably enhanced by secondary 02. For a 120% of stoichiometric 
flame composition, where considerable excess O2 a l ready  e x i s t s  i n  the  
primary reac t ion  zone, the  highest  C2H4 concentration i s  a t  the  center  
l i n e  and s t ead i ly  decreases away from the center  l i n e  (Figure 9) .  

We bel ieve the excess 02 from the primary stream overshadows any 
e r f e c t  of O2 from the secondary stream. For example, i f  some species 
C; r eac t s  w i t h  O2 t o  form C2H4 and the  reac t ion  i s  fast enough so  t h a t  
a l l  of Q reacted p r io r  t o  sampling, then t h e  addi t ion  of even more O2 
(from the  secondary) would not r e s u l t  i n  de tec t ing  more C2H4: 

where n > 1. 

Tormat ion. Some re l a t ed  experiments by Robertson and Matsonyreported 
by Minkoff and Tipper') i n s i c a t e  tha t  the add i t ion  of s m a l l  quant i t ies  

L i t e r a t u r e  lends support t o  the pos tu la te  of O2 enhanci ethylene 

Minkoff, G;, J. and Tipper, C.F.H. ,  "Chemistry of Combustion 
Reactions, London, Butterworths (1962). 

of O2 - up t o  2% - t o  a fue l - r ich  acetylene mixture can increase ethy- 
lene  production. More recent ly ,  Fenimore and Jones, inves t iga t ing  
ethglene flamesiofound the  ame indica t ions  of O2 enhancement. Thg work of Haskell on the  pyrolysis of propane between 350' and 700 C 

Heskell, X.  W.,  Disser t .  Abst. J8, SO (1958). 

shows t h a t  an increase i n  ethylene formation i s  caused by the  addi t ion 
of smali amounts o r  02. The a p p l i c a b i l i t y  of Haskel l ' s  work t o  the 
combustion of CH4 i-, however, i n  doubt. 
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Sthylene i n  Combustion i'rocucts 

O u r  subsecuent s t u d i e s  of ethyiene r'ormation rill center  around / 
::I:, pi3-q- react ion region because l i t t l e  or no formatiun occurs i n  
ctiier regions of' t h i s  s p e c i f i c  flame. The C2H4 concentration drops 
i::-:iZt ica1l.j j u s t  beyond the  reac t ion  zone and then remains e s sen t i a l ly  
constant.  The drop i n  concentration i s  approximately .'io0 ppm (Figure 
- 7 ) )  ana i s  probably due t o  t h e  reac t ion  of CH4 wi th  O2 t o  form COz and 
fi&. The resul t  i s  a f i n a l  concentration of 0 . 5  t o  3 ppm j u s t  beyond 
t h s  react ion zone. The f l u e  gas e x i t i n g  from t h e  experimental chamber 
a l s o  contains about 3.0 ppm of  C2H4. This concentration can presm-  
ab ly  be enhancec i f  t h e  C2H4 react ions are prevented from occurring, 
such as by quenching. 

IV. Conclusion 

The data of t h i s  work have confirmed t h a t  the formation of the 
oxides of nitrogen i n  atmospheric methane-air flames i s  primarily deter-  
r jned by t h e  combustion chemistry w i t h  t h e  chemistry of heated a i r  

methane flame system: a )  t h e  decomposition of NO2 t o  NO, and b )  forma- 
t i o n  o f  addi t ional  NO from N2 and Oa-derived flame species.  The d i s -  
pa,.it;r between calculated and observed values As a t t r i b u t e d  t o  t h e  lack 
of a quant i ta t ive inc lus ion  of the e f f e c t s  of superequilibrium" con- 
c x t r a t i o n s  o f  N ana 0 atoms. , 

Ethylene i s  shown t o  form t o  a very l a rge  extent within t h e  combus- 1 

/ 

3La;ring a secondary r o l e .  Two d i f f e r e n t  processes describe the  NOx- i 

1 

1 

t i o n  zone of the flame ( v i s i b l e  region) .  
uc t s  contain l i t t l e  ethylene,  concentrations approaching one par t  per 
thousand or observed i n  this  flame region. Ethylene formation i n  flames 
i s  seen t o  be dependent upon post-combustion react ions whereas NO and 
NO2 formation depend on ly  upon flame zone react ions.  

Although t h e  f i n a l  f l u e  prod- 
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I '  

Table I. CONCENTRATION CHANGES OF NO AND NO2 WITH INCREASING 
HEIGHT OF THE BURNER FOR A STOICHIOMETRIC 

--AIR FUME WITH AN AIR SECONDARY 

0.1 c m  A b o v e  B u r n e r  

0.0 0.0 0.0 
7.5 7 -  1 5.7 
7.5 7 - 1  5.7 

1.1 c m  A b o v e  Burner 

NO 11.0 2 .0  0.0 
NO2 2.0 5.6 3 . 5  
NO + NO2 13 .0  7.6 3 -  5 

Conc . Increases 

NO 
NO 2 
NO + NO2 

+11.0 +2.0 0.0 
-5 .5  -1.5 -2.2 
+5.5 +0.5 -2.2 
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Table 11. CALCULATED AND ACTUAL RESIDENCE TIMES* 

I n  t h e  Preheat Region 

N2 + 0 + NO + Ni 
02 + N + NO + 0 
N2 + 02 - 2NO 
NO + 0 + NO2 
2NO + 02 + 2NO2 

In the Combustion Region 

N2 + 0 - NO + N j  
02 + N - NO + 0 
2N02 2NO + 02 

N2 + 02 - 2NO 

In the   cool^ Region 

NO + 0 -, NO2 
2NO + 02 -. 2N02 

Calculated Actual. ' Difference* 
Seconds 

0.587 X 

2.0 x 101 
2.12 x 10-2 
4 . 2 5  x 1015 

0.35 X 

0.78 X lo-' 
1.1 x lo1 

5.0 x io -2  
4.8 x i o L 5  

1.22 x 10-2 
1.22 x 10-2 
1.22 x 10-2 
1.22 x 1Q-2 

1.04 X 10-1 

1.04 X 10-I 
1.04 -X 10-1 

6.25 x 
6.25 x lo-' 

-0.634 X l o q 2  
- 
-2.0 x 101 
+o.go x 10-2 
-4.25 x i o L 5  - 

-0.965 x io-1 

-0.922 X 10-1 
TL.1 x lo1 

-1.25 X 
2 . 8  X 1015 

' 
'The comparison of these reactions has been made on the basis of 
the residence time of reaction necessary t o  form the experimental 
observed quantity of NO,. 

* Seconds calculated minus seconds actual .  
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CH. -*+ AIR A+ COOLANT 

SECONDARY GAS 
FLOW STRAIGHT 

-I G N ITER / 
TRANSVERSE 

THERMOCOUPLE OR 
SAMPLING PROBE 

A X I A L  
THERMOCOUPLE OR 
SAMPLING PROBE VIEWING PORT 

Fig. 1. -BURNER DESIGNED TO DETERMINE CHEMISTRY OF 
NITROGEN OXIDES PRODUCED IN METHANE-AIR FLAMES 

-_ - ------- -- --- ~ 

---- -- 

\ Figure 2. WTAL CONCENTRATION OF ClXIDES OF NITROGEN IN A 
METHANE-AIR STOICHIOMETRIC AT THE BURNER CENTER 
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unis HEIGHT ABOVE BURNER, cm 

Figure 3. TOTAL C9NCENTRATION OF OXIDES OF NITROGEN I N  A 
EVEL-RICH (64% of Stoichlornetric) FLAME AT BURNER CENTER LINE 

12.0 
RUN NO. 

DISTANCE FROM BURNER CENTERLINE, cm, 
(0) (b) ~-36287 

Figure 4. TOTAL COTTCEIFT&TION OF AITROSEN FOR A 
IKEiTHAhT-AIR S T G I C H I O I E m R I C  F’LAMX AT a) 3.1 cm 

AND b) 1.1 zr, AE\T BURNER 
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RAMAL 
-2.0 -3.0 

A-IQh382 
WSITION,cm 

Figure b ETHYLENE CONCENTRATION AS A FUNCTION OF 
RADIAL POSITION AT 0.1 cm ABOVE THE BUFUZR FOR 

STOICHIOMETRIC CHI-AIR FLAME 

\ 

-1.0 -2.0 -SO 
h-elOtl38~ 

MOUL KSlTIC1J,cm 
-€  

Mgure 6. ETHYUNE CONCENTRATION AS A FUNCTION OF 
RADIAL POSITION AT 0.1 cm ABOVE THE BURNER FOR 84% 

OF STOICHIOIGTFUC CH4-AIR FLclME 
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i o  

-1.c' -2.0 -3.0 
RADIAL POSITION, an 

€ 

Figure 'Z OXYGEN CONCENTRATION I N  84% OF STOICHIOMEZTRIC 
CHc-AIR FjX4E (From Secondary Air Only) AT a) 1.1 cm 

AND b) 0.5  cm ABOVE BURNER - 
( a )  

-1.0 -2.0 -3.0 
RADIAL POSITION, cm 

Figure 8. OXYGEIL' CO~lCETlTTRATION IH 190$ OF STOICEIdFEI%IC 
CH4-AIR ELAME ( F r m  Szcon2ary Air Only)  AT a) 1.1 cm 

AND b) 0.5 cm AE3OVE SURFER 
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Mgure 9 .  E;THyLENE CONCENTRATION A S  A FUNCTION OF 
RADIAL P O S I T I O N  AT 0 . 1  cm ABOVE BURNER FOR 120% OF 

STOICHIOMETRIC CH4-AIR FLAME ' 
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Fas t -F low Kinetic S tudies  of Methane Reactions with Atomic Oxygen at  Room 
Tempera tu re  

R. V.  Se rauskas  and R. A. Keller 

/ 

Insti tute of Gas Technology, IIT Center  
Chicago, Illinois 

1. Introduction 

Many contributions to kinetic r a t e  knowledge have  resu l ted  f r o m  premixed 
flame s t u d i e ~ . ' * ~ * ~  A flame, consisting of a mul t i - reac t ion  complex medium, lends 
1. R. M. F r i s t rom.  and A. A. Westenberg, "Flame Structure." McGraw-Hill, New 

York (1965). 
2. S. W. Benson, "The Foundations of Chemica l  Kinetics," McGraw-Hill, New York, 

276 (1960). 
3. N. Basco  and R.G.W. Norrish,  Can. J. Chem.18. 1769 (1960). 
i tself  to unambiguous kinetic ana lys i s  only with difficulty. Specifically, the  m o r e  
recent  f lame s tudies  of combust ib le  methane mix tu res4  have d i rec ted  much inter-  
4. R. M. F r i s t rom.  C. Grunfelder.  and S. Favin. J. Phvs.  Chem. 64. 1386 and - 

1393 (1960). 
est of la te  toward the  elementary'reactions in  the methane oxidation scheme. New 
and improved techniques fo r  the study of a tom and rad ica l  reac t ions  have led to re- 
newed kinetic studies which have confirmed some  e a r l i e r  r e s u l t s  and have been at 
odds with others.  T h e  addition of var ious  chemically per turb ing  agents  to the 0- 
a tom/CH4 system, f o r  example,  allow for the study of some e l emen ta ry  oxidation 
reac t ions  a t  room t e m p e r a t u r e  by the more convenient and unambiguous flow-dis- 
cha rge  techniques. However the r e s u l t s  in a l l  c a s e s  have not been uniform, expec- 
ially i n  sys t ems  containing ~ x y g e n . ~  
5 .  F. Kaufman, in " P r o g r e s s  in  Reaction Kinetics," Vol. 1 (ed. G. Por te r ) .  Perga-  

mon P r e s s .  New York, 1 (1961). 
In this work, a number  of methane-oxygen reac t ions  have been  studied em- 

ploying a fast-flow reac t ion  system. coupled d i rec t ly  with a Bendix model  3015 
time-of-flight m a s s  spec t romete r .  N and H-a tom t i t ra t ions  as wel l  as Woods-Bon- 
hoef fer  d i scharges  are  employed in  generating the ac t ive  species.  

II. Exper imenta l  

The  reaction s y s t e m  employed is depicted schematically in  F igu re  1. A 
Woods-Bonhoeffer d i scharge- f low sys t em is in  t r a in  with a Bendix model  3015 time- 
of-flight m a s s  spec t romete r .  Atoms o r  rad ica ls  en te r  in the cen t r a l  annular space  
in  the reac t ion  t ra in .  Reac tan t s  en te r  through the cen t r a l  tube fitted with a Teflon 
"Swage" gland to p e r m i t  movement  along the reac t ion  t r a in  axis. In this way, the 
d is tance  of the mixing r eg ion  f r o m  the molecular  leak  (aluminum foil  d i sk  with a n  
0.005 inch pinhole) c a n  b e  varied.  A 40 l i t e r / s e c  Stokes'  pump thrott led through a 
l inear  flow velocity of about 10 m e t e r s / s e c  and a reac t ion  reg ion  p r e s s u r e  in the 
10 to 1000 mi l l i t o r r  range .  Knowing the volumetr ic  flow ra t e ,  v, and the diameter,  
- d, of the reactor,  the distance,  z, of the tube mouth f r o m  the  T u F  sampling leak 
can  be re la ted  to the time variaTle. t. i n  an  absolute fashion bv the relation: 

nai t = ( )z-I 4v 
T h i s  reaction holds s t r i c t ly  fo r  the  c a s e  of a cy l indr ica l  r eac to r  and l amina r  
The  methane, used without fu r the r  purification, w a s  Matheson Ultra-High Pur i ty  
grade.  Matheson R e s e a r c h  g rade  HC1 wag employed i n  the catalytic study. Ma- 
theson High P u r i t y  g r a d e  NO, w a s  redisti l led in  vacuo for  u s e  in the generation of 
OH radica ls .  The oxygen used w a s  Ultra-High Pur i ty  grade  Matheson, employed 
without fu r the r  purification. 

Oxygen a toms  w e r e  genera ted  by two methods: (1) the d i scha rge  of a 1 to 9 
OJAr  mix tu re  ( 2 )  the v e r y  rapid gas-phase  t i t ra t ion  of NO by N atoms (N +NO' 

. 
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Nz+O), the N a toms  being generated by discharging N,. 
generated by the rapid gas  phase  t i t ra t ion of NO, with H a toms  (H'NO,' NO'OH), 
the H a toms being generated by d ischarge  of a 5 %  H2/95% A r  mixture  containing a 
t r a c e  of water  in o r d e r  to aid dissociation (The walls of the reaction t r a i n  were  
coated with phosphoric acid to g ive  low, reproducible wall- recombination effects.) 
In a l l  ca ses  the tempera ture  remained within 1" of 298°K. 

LII. Resul t s  and Discussion 

The hydroxyl r ad ica l s  w e r e  

A. Methane-0-atom Reaction with HC1 Cata lys t  

At room tempera ture  the reaction between methane and a tomic  oxygen is ex- 
t r eme ly  slow because  the reaction has  a hea t  of activation between 8-9 kcal/g-mole. '  
Consequently, if one wished to study the reaction, the investigation mus t  be con- 
ducted a t  elevated t empera tu res  o r  a suitable catalyst  m u s t  be added fo r  room temp- 
e r a t u r e  studies. 

W e  selected hydrogen chloride gas as a catalyst  f o r  this  study because  it is 
known to acce le ra t e  the reaction between methane and a tomic  nitrogen. 

The following react ions may be considered in  this  system: 

H C l + O  O H + C 1  
k OH +O -b O , + H  

C1 +CH,$' H C P  CH3 

CH3 +O CH2+ OH 

CHZ+O C O + H + H  (5)  
CO +OH k6 C 0 3  H 

CHI +OH k,7 HzO+CH3 

CHI +O CH3+OH 

CHI +H '' CH3'Hz 

CH3 + 0 2  l S l o  HO, +CHz 
HC1 +O lSl1 C10 +H 
c 1  +o, ~ 1 Z C 1 0 + 0  

Thio reaction scheme yields a s e r i e s  of 12 simultaneous different ia l  equations that 
are ext remely  difficult to solve analytically. 

e rgy  of activation of 8 kca l /g-mole  o r  more .  A t  300°K. the difference in r a t e  be- 
tween a reaction with Ea = 4 kcal /g-mole  and one with 8 kca l /g -mole  is a factor  of 
about 10'. Thus, two react ions with approximately equal  r eac t an t  concentrations 
and frequency f ac to r s  will  differ in  ra te  by 1000 if  they have  such an  activation en- 
e ruv  difference. 

As a f i r s t  approximation, we might e l imina te  a l l  of the react ions with an en- 

0, ~~ 

Using this criterion, Table 11s6 shows that Reaction 7 through 11 can  be  elim- 
6. K. Schofield. Planet. Space Sci. 15. 643 (1967). 
h a t e d  f rom the reaction scheme. We w i l l  show l a t e r  that  an  e r r o r  h a s  apparently 
been introduced by eliminating Reaction 9. 
ly  i s  sufficiently high to offset  the activation energy  difference.  

eumption specif ies  that the rate expres s ions  f o r  all of the act ive spec ies  be  se t  
equal  to zero. F o r  example. the r a t e  of format ion  of chlor ine a toms  is a r  follows: 

The concentration of H atoms- apparent- 

A second approximation involves the  "steady- s ta te  assumption." This  as- 

7 d(C1) = kl(HC1)(0) - ~ ~ ( C ~ ) ( C H I )  

kl(HC1)(0) - k,(Cl)(CHI) = 0 

(13) 

(14) 
Using the steady- r ta te  as rumpt ion  yields the following equation: 

The  following equations a r e  obtained by using the s teady-state  assumpt ion  for CHz, 
CH* and OH: 
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(21) 2k,(HC1)(0) 
kZ(O) + k6(COj 

(OH) = 
The r a t e s  of the reac t ions  of 0. CO, and C 0 2  can now be writ ten and simpli- 

f ied using the above expres s ions  fo r  the concentrations of the active species.  

(22) 
- -  2klkZ(HC1)(0)' d(o) - -3kl(HC1)(0) - k,(0) + k6(co) dt 

(24) - -  d(COz) - 2kikb(HC1)(O)(CO) 
dt  kZ(0) + k,(CO) 

F o r  the conditions of this  study, (CO)<1/5  (0) so that  kz(O@ b ( C 0 ) .  The 
r a t e  expression fo r  the d isappearance  of atomic oxygen is. therefore:  

(25) 

(26) 

(27) 

+- d(O) -5k,(HC1)(0) 
d t  

Integrating this expres s ion  yields - 
With t = t ime  8 2, z = r e a c t o r  distance,  and u = l inear  flow velocity. 

l n ( 0 )  - -5kl(HGl)t + l n ( 0 ) O  

U 
l n ( 0 )  = -5kl(HC1E + l n ( 0 ) O  

Therefore ,  a plot of l n ( 0 )  vs. z should yield a s t ra ight  line. Figure 2 shows the 
exper imenta l  data  plotted in this  manner .  The react ion exhibits f i r s t - o r d e r  behav- 
i o r  between 100 and 300 mm,  but deviates  f rom this  behavior beyond this.point. It 
a lmos t  appea r s  that  the reac t ion  s tops short ly  beyond the 300-mm point. Our an- 
a lys i s  wi l l  concentrate  on the f i r s t  300 m m  of the reactor .  In this region the slope 
of the cu rve  yields a r a t e  constant of 2.65 X 10-15cu cm/pa r t i c l e - sec .  If this  r eac -  
tion has  a s te r ic  fac tor  of 0.1, the activation energy  i s  about 5 kcal/g-mole.  

Th i s  value for  the r a t e  constant i s  consis tent  with the postulated mechanism. 
The r a t e  expres s ion  for  0 atom disappearance (Equation 25) shows that Reaction 1 
is the s lowert  o r  ra te-control l ing s tep  of the mechanism.  Comparison of the value 
of kl(2.65 X lo-'') with the values  in Table LI shows that this  is indeed the case.  

of tha r a t e  conrtants  and the var ious concentrations:  

' 

Equation 23 for  the format ion  of CO can b e  simplified by applying the values 

d(dCtO) = kl(O)(HCl) (28) 
Substituting the expres s ion  fo r  the 0 atom concentration yields - 

(29) 
"go) - kl(HCl)(0)oe -5kl(HCl)t 

Integrating Equation (29) yields  - 
(CO) = 9 (0 1 [l - e -5kl(HC1E 3 (30)  - 

The r a t e  expression fo r  CO, can now a h a  be integrated: 
-5 kl(HC l) t  

(CO,) = ,- (HC1)(0), Ct+ e 5kr(HC1) - ' I  ( 3 1 )  _ .  
The integrated expres s ions  show the c o r r e c t  quali tative detai ls  for  the reac-  

tion, but the quantitative predict ions a r e  not accurate .  F o r  example, the equations 
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predic t  that CO should be p r e s e n t  in g rea t e r  concentrations than COz. Figure  3 
shows that t h i s  effect is indeed observed. However, the quantitative predictions 
a r e  not in ag reemen t ;  the predicted r a t e s  of format ion  a r e  too low. 

The amount 
of CO formed i n c r e a s e s  by a fac tor  of 5 (in the ea r ly  s t ages  of the  reac t ion)  a s  the 
init ial  HCI concentration is increased .  

exper imenta l  data. 
the reac tan ts  and products.  About 8 0 %  of the 0 a toms  that r e a c t  a r e  recovered  as 
e i ther  CO o r  CO,. 
amount of wa te r  is quite small and the  amount of Oz fo rmed  is a l s o  sma l l  and can- 
not be  accura te ly  de te rmined  because  of the l a r g e  background 0, concentration. 
Within these  l imitations.  the m a s s  balance i s  good and indicates that the data are 
in te rmal ly  consistent. F r o m  this, i t  appea r s  that  the reac t ion  scheme  is incom- 
ple te. 

Reaction (9). 
ently high. H a toms  a r e  formed by Reactions ( 2 )  (a v e r y  f a s t  reaction),  (5), and (6). 
Therefore ,  they m a y  be p re sen t  in a sufficiently high concentration to make  Reac- 
tion (9)  significant. Reaction (9 )  produces both CH3 and OH radica ls .  CH3 reac ts ,  
via CH2, to fo rm CO. and the CO is oxidized to CO, by OH. 
action (9 )  should provide for  f a s t e r  r a t e s  of CO and COz formation. 

Another qualitative fea ture  of the reac t ion  is shown in  F igu re  4. 

This i s  predicted by Equation ( 3 0 ) .  
The equation's pred ic t  the qualitative but not the quantitative f e a t u r e s  of the 

The da ta  quality has  been de termined  f r o m  a m a s s  balance on 

The reaction a l so  f o r m s  wa te r  and molecu la r  oxygen. The 

The m o s t  probable d iscrepancy  in the proposed scheme i s  the elimination of 
This  reaction can  be rap id  if the concentration of H a t o m s  is suffici- 

Hence, inclusion of Re- 

B. Poss ib le  Influence of Excited 0 2  

The  above da ta  shows that about 25% of the or ig ina l  methane  will  be  convert-  
ed to products  (CO + COz) ove r  a reaction zone length of 350 mm. F i g u r e  5 p re -  
s en t s  s o m e  data fo r  this sys tem,  comparing the reac t ion  of d i scharged  0, with CHI 
to that of 0 a toms  genera ted  in the t i t ra t ion  of NO with N a toms.  Curve  A indicates 
the format ion  of CO, f rom a CH4/HCI mix tu re  using 0 a t o m s  genera ted  in the gas-  
phase  t i tration: N + NO4 N,+ 0. Curve B gives the da ta  f o r  the same s y s t e m  a f t e r  
adding about 15 X l o - )  m m  Hg of ground-state 0, to the a tom s t r eam,  which a l so  
contains about 15 X m m  Hg of 0 a t o m s  as de termined  by the  gas-phase  t i t r a -  
tion. Discharged 0, (with about 1 5  X lo-'  mm Hg of 0 a t o m s  and 15 X m m  of 
Hg of 0,) used  in p lace  of the 0 a tom s t r e a m  obtained by t i t ra t ion  y i e lds  Curve  C. 
which shows cons iderable  enhancement of the combustion p r o c e s s  o v e r  Curves  A 
and B. 
fec t  of molecular  oxygen on 0 a tom reac t ions :  
the  chemica l ly  per turb ing  agent for  t hese  sys tems.  

The only difference between Curves  C and B is that the f o r m e r  p r e s e n t s  da ta  
for the CH4/HCl /0  sys t em i n  the p re sence  of excited molecular  0, while the l a t t e r  
involves only added ground-state 0 2 .  In a n  e l ec t r i ca l  discharge,  the following pro-  
cesses can  take place: 

The da ta  of Curves  A and B lend suppor t  to the possibil i ty of a specific ef- 
exc i ted-s ta te  molecu la r  0, may be 

o2 - zo(3~) (32)  

0 2  2 0 (  'D) (33 )  

O 8 C  P,+ O('D)' Oz('A g ) +  O('P) 

(34 )  

(35)  

02(% - ) +  O('P)- O J l A  ) + O ( ) P )  ( 3 6 )  
g g + 

The radiative loss r a t e  constant for  O2 ('E 
sec. and 10-"cc/particle-sec.  f o r  O,(lA 
chemica l  reaction s y s t e m s  a t  modera t e  
7 .  A. M. Fal ick  and B. H. Mahan, J. Chem. Phys.  47, 4778 (1967). 
i n e r t  toward sa tura ted  hydrocarbons,  0 2  LA 
f ree- rad ica ls .  and unsa tura ted  compounAs.) 

) m a y  be a s  l a r g e  a s  10- '3cc/particle- 
) ,g thus  allowing Oz('A 
to rapid flow rates. '  

) to i n t e r f e r e  i n  
(Although quite 

1 is known to r e a c t  readi ly  with atoms, 

I t  is a160 poseible that such reac t ions  a s  
Hg(63P)+ M' Hg(6'S)+ M* 



156 

concentration lower than the  detectable l imi t  (about 1.60 X 1013 molecu le s / cu  c m  
in this c a s e )  within 0.01 sec .  
s t r a t ed  by a crude e s t i m a t e  employing the  following simplified steady- s ta te  scheme: 

The problem of HCHO formation can  then be  demon- ' 

O + H C 1  kAO O H + C l  (37) 

C 1 + C H 4  ko CH3+HC1 ( 3 8 )  

Then, 

C H 3 + 0  Q0 H C H O + H  (39 1 
HCHO + 0 k4° non-carbonyl products  (40) 

(41) 
d k13 - d [CH,] - d [HCHOj = - - - -  

dt  d t  d t  

Thus, 
[HCHOI = % kC11 (45) 

k40 
With [HCHO] = 0.5 m i l l i t o r r  and P C l ]  = 20 mi l l i to r r ,  and with an  est imated 
lo-' '  cu c m / m o l e - s e c ,  the  m o s t  re l iab le  da t a  for Reaction 40 yields a value k '  

k4r38 X 
" 2 5  mil l i to r r ,  a n  amount  readi ly  de tec tab le  by the 3015 TOF. 

cu  c m / m o l e - s e c ,  which would m a k e  the  s teady-s ta te  value of h C H 0 1  
In short ,  if carbonyls 

a r e  in t e rmed ia t e s  in  the r eac t ion  of CH, with 0 a t o m s  a t  room tempera ture ,  our re- 
su l t s  demand that they be  p r e s e n t  a s  reac t ive  spec ie s  (such a s  formyl  radicals,  
HCO) r a t h e r  than s tab le  molecules .  

D. Reaction of OH with CH4 

' T h e  p r i m a r y  s c h e m e  as soc ia t ed  of OH rad ica l s  in the flow reactor is as  fol- 
lows: 

O H + O H  H 2 0 + 0  (46) 
(47 ) O + O H  J o  O , + H  

O H + C H 4  C H 3 + H 2 0  (48)  

(49 1 

k 

Y 0-H 
OH(adsorbed+ quenched) 

OH f (wal l )  

(The  ini t ia l  reac t ion  to produce OH h a s  k,>> kg, k,, and k,, and hence the  conversion 
of H into OH i s  cons ide red  to be  instantaneous.)  In the  absence  of methane, the kg 
s tep  i s  noncontributing and  - 

Rate(OH) - - + dt dLOH1- - -k6010HjZ- k70 [b l ~ O ~ - ~ o H ~ O H ~  (50)  

S ince  k6o and k,o a re  comparable  a t  room temperature ,  we may  a s s u m e  a 
Th i s  yields k70[OJ = ste?dy:state condition for  0 a t o m s  such that  d[Ol/dt = 0. 

k60 LOHi and hence, 



In the p re sence  of CH,. k,, contr ibutes  and, assuming that CHI does  not a l t e r  the 
kinetic wal l  behavior of OH,- 

\ 

- (kgo [CHJ + Y OH) b ~ l  (52 )  

(53  1 
Both Equations 17 and 18 a r e  of the fo rm - 

d -  2 - -Aay +b) 
(with y = [OH] ) which may be solved by the substitution - 

Ir =.,6 Y 
aY 

which yields  
( 5 4 )  

( 5 5 )  = .-bt 
PO 

[CH4] is a s sumed  essent ia l ly  constant s ince  i t s  concentrat ion i s  59 t imes  g rea t e r  
than [OH] in  this  system. 

F igu re  6 presen t s  some recent  data  on the fast-flow reac t ion  between CH4 
and OH. ( 0 indicates  the react ion without CH,; 0 indicates  the reac t ion  in the 
p re sence  of CH4.) 

In this  system, k&<2k60 and (k,,[CHJ + y )<< 2k6, [OH1 These  numer ica l  
values  m a k e  i t  difficult to u se  the method of ini t ia l  r a t e s  to analyze the  data. How- 
ever ,  i t  is possible  to  use  the integrated r a t e  eqx2tion (55).  This  equation can be  
simplified by expanding the exponential t e rm,  e- , as  a power series, neglecting 
the higher  powers  of bt s ince they a r e  much less than unity: 

I 

( 5 6 )  
wj- l + ( r )  b z =  1 + b t  

Z 

o r  rear ranging  Equation (56) yields - 
y-l" 1 (a + by,-')] + yo- 1 (57 )  

Z 

Thus, a plot of y-' agains t  z ( rec iproca l  of [OH] v e r s u s  distance, z, f r o m  inlet) 
should be l inear .  F r o m  the difference in s lopes of two such s t ra ight  l ines  (one fo r  
a run with CH4, one f o r  a run  without i t )  one can  obtain k4, the r a t e  constant in ques-  
tion. 

SLOPE, equal  to the s lopes  of the y-'  v e r s u s  z curves  fo r  the run  with d H 4 a n d  the 
run  without. respectively, yields - 

, 
The data  plotted in  F igu re  7 show the predicted l inear  relation. 
F r o m  Equation 57. the definitions of a. b. and y, and set t ing SLOPE and 

- COHI yo) [Vo(SLOPEo) - 2k601 (58 )  
-r 

F r o m  Figure  10 and the 3015 sensitivity value for  OH (1 .60  X 10" pa r t i c l e s /  
cu cm = 10 units), and using the repor ted  value6 f o r  bo (2.5 X 
w e  have - cu cm/pa r t - sec )  

< 
2k60 = 80 unit-' sec-' 
[OH&(CH4) - 10 units 

\ = 7.0 units 

SLOPE c H4 
0.0326 unit- ' c m -  ' 

\ SLOPE, = 0.0474 unit-' cm-' 
In the run  with CHI, the !low ra t e  v 
58.94 sec-'. Since [CH,J = 2.43 X CH4 10l6 molecules /cu  cm, we have ks0 

recent ly  repor ted  by Creiner .8  and about 3 t imes  lower than that repor ted  by Wilson 
8. N. R. Greiner ,  J. Chem. Phys. 490 (1967).  

= 2.635 X l o 3  cm-sec- ' .  Thus, bo EH4] = 

cu cm/par t ic le -sec .  This  i s  roughly an o r d e r  of magnitude lower than that 
2.42 X 



and Westenberg.9 In the absence  of data a t  o ther  t empera tu res  we m a y  use the 
9. 

approximate  coll ision theory argument' that the ra'te constant i s  given by - 

which g ives  an activation energy  of 5.65 kca l /mole  for the CH4+ OH reaction. 

tion p r o c e s s  for a hydrocarbon i s  the abs t rac t ion  of a hydrogen a tom f rom the hydro- 
carbon by a tomic  oxygen or hydroxyl. 

W. E. Wilson and A.  A .  Westenberg, "11th Symposium (International)  on Com- 
bustion," Combustion Institute (1967). 

(59  1 l o - l ~ -  5 e - E a / R T  
k80 = 

Whether a t  high o r  low tempera tures ,  a chain propagation s tep  i n  the combus- 

The generalized hydrogen atom abs t rac t ion  reaction can be written" 
R H 4 - B '  . ' ' H ' ' '  B ' T + H B  (60)  R m l  m.? 

10. 

where  m ,  and m z  a r e  the bond o rde r s ,  i n  the t rans i t ion  state,  of the "breaking bond" 
R'  * 'H and the "forming bond" H' ' 'B. 

H. S. Johnston, "Gas P h a s e  Reaction Rate Theory," Ronald P r e s s ,  New York 
(1966). 

This  bond-order concept has  i t s  intuitive 
appea l  to the chemis t  and s t ruc tu ra l  chemis t  on the b a s e s  of bond length, bond 
strength, and coordinating valence. Thus, in a single covalent bond involving one 
p a i r  of shared  e l ec t rons  a s  in  Hz o r  HC1, the bond o r d e r  is 1. 
since one may see tha t  t h e r e  a r e  th ree  pairs contributing to bonding (a so-called 
"0 Z n ~ 4  o rb i ta l"  configuration) the bond o r d e r  t h e r e  i s  3. 
heBe i s  to r e m e m b e r  that, in the bimolecular reac t ion  above, the underlying assump- 
tion is that the s u m  of bond o r d e r s  r e m a i n s  constant throughout such abstraction 
reactions.  That is, ml+  mz = 2. 

the t rans i t ion  s ta te  given b y  

In nitrogen, however, 

The impor tan t  resu l t  

One may  then t r e a t  such reac t ions  by a s suming  a valence bond potential f o r  

V = DRH - CRH(mIP)  - DHB(rnz4) + V r  I 
I 

where  the D's are the bond dissociation energ ies ,  V r  is the  energy  of repulsion 
a r i s ing  f r o m  the parallel e l ec t ron  sp ins  on R and B, and q are  empi r i ca l  p a r a m e t e r s  
indicating the s t rength  of the  in te rmolecular  valence forces.  
whe're t r i p l e t  states a r e  involved (two para l l e l  e l ec t ron  sp ins  on the  same species),  
twice the repuls ion .energy  h a s  to b e  included for a m o r e  reasonable  es t imate .  

lo9 c u  cm-mole- ' - s - '  fo r  the OH+ CH4' CH,+ HzO reaction. 
activation energy  for  such a reac t ion  is about 5 to 6 kcal-mole-' .  
bond o r d e r  method y ie lds  about 5 kcal-mole- '  as  a n  activation energy. 

hanced in the p x e n c e  of d i scharged  r a the r  than t i t ra ted  oxygen. Our  first inter-  
p re ta t ions  assoc ia ted  this ex t r a  activity with excited 0,. namely (a  g) 0,. Table ZII 
is a ,brief compendium of r a t e  constants and activation ene rg ie s  a s  calculated by the 
bond energy-bond o r d e r  method. 

about 10.000 t imes  m o r $  rap id  than the ground-state Oz reac t ion  a t  flame tempera-  
t u re s .  Although the  'cg 
(coll isional and rad ia t ive)  fo r  this spec ies  a r e  much too shor t  to complete w'th that 
for  the 'Ag state (46 minutes) .  
i s  expected. Each  of the r a t e  constants" in Table 111 i s  computed by the prescr ip t ion  
11 .  
of activated complex theory.  Success ive  var ia t ion  of the p a r a m e t e r s  of Equation 8 
l eads  to a "saddle point curve ."  o r  cu rve  of s t eepes t  ascent. The maximum of this 
path may  be taken a s  the activation evergy, Ea. Assuming a l inear  complex, one 
can readi ly  calculate the r a t e  constant f r o m  

F o r  oxygen spec ies  

Recently, o u r  r e s u l t s  indicated a room t empera tu re  rate constant of about 
This  implies that the 

The bond energy- 

W e  have a l s o  indicated that the combustion of methane is  significantly en- 

From the above table, i t  i s  obvious that the CH,+ O,( 'ag) reac t ion  should be  

s t a t e  of 0, indicates a n  even g r e a t e r  reaction, the l ifetimes 

t Thus, no significant concentration of t h i s  ' c g  spec ies  

S. W. Mayer and L. Schieler.  J. Phy s. Chem. a 2628 (1968). 

= KT k T  . Q* 
-Ea/RT 

k r a t e  

where  the 0, and .QB a r e  reac tan t  par t i t ion  functions, Q$ is the parti t ion function of 
the complex. R i s  the a s  constant (in cal-mole-1 -deg-1 i f  Ea  is in  cal-mole-1). k is 
Boltzmann's constant, % is  P lanck ' s  constant, and K is the t r ansmiss ion  coefficient 



fo r  the  potential  b a r r i e r .  
t e m  is  less than the potential a t  that point, t h e r e  is a finite probabili ty of finding the  
sys t em in  the configuration beyond that  point. 
coefficient, and the "process"  is r e f e r r e d  to a s  quantum-mechanical  "tunnelling." 
In any event, Equation 6 2  can b e  readi ly  calculated for  m o s t  simple reac t ions  and 
h a s  been shown to give ve ry  re l iab le  es t imated of the  r a t e  cons tan ts  for  a g r e a t  
number  of e l emen ta ry  reactions.  

a s  the  corresponding reac t ions  with 0 atoms. 
r eac t ions  of O,( 'Ag) with CH,' rad ica ls  o r  with unsa tura ted  hydrocarbon intermed- 
i a t e s  might  be  quite competit ive with a t tack  b y  oxygen atoms.  
bes t  va lues  fo r  0 atom a t tack  on CH, give an  activation ene rgy  of 10.5 kcal-mole-' .  
However,  the r a t e  constants fo r  reaction of 0 a toms  with CH,' m a y  be  comparable  
t o  CH,' reac t ion  with excited O,, s ince  each reac t ion  involves encounter  between 
spec ie s  having free valences.  The actual concentration of exc i ted  0, m a d e  by a n  
electrical d i scha rge  (concentration in  the downstream effluent) m a y  b e  a s  high as  
10% of the total  p r e ~ s u r e . ~  Th i s  would mean  that  in  the expe r imen t s  with CH, and 
HC1 i t  would b e  reasonable  to expect  that concentrations of the o r d e r  of 20 m i c r o n s  
Hg(about 6 X lo', mo lecu le s / cu  c m )  of '& O2 w e r e  available in  the reac t ion  zone. 
Assuming that  the reac t ion  r a t e s  of 0 2 ( l A g )  and O('P) a t o m s  with CH3 are similar, 
one would expect  about a three-fold i n c r e a s e  in  oxidation r a t e  in  the e l ec t r i ca l  d i s -  
cha rge  experiment .  

J V .  Conclusions 

Quantum mechanically,  even though the  ene rgy  of a s y s -  

Th i s  probabili ty if the t r ansmiss ion  

It should be observed that the reac t ions  in  Table I11 for  CHI + 0 2  are  not a s  f a s t  
However, one would expect  that the 

For  example,  t he  

Although both HC1 (and Cl,) catalyze the reac t ion  of CH, with 0 and 0 2 ,  the  ex- 
tent  of the reac t ion  a t  room t empera tu re  is smal l .  We could de t ec t  no quantitative 
evidence for the formation of any carbonyls  o r  carbonyl  f r a g m e n t s  during the c o u r s e  
of the oxidations (this, however,  does not preclude the i r  p r e s e n c e  as v e r y  shor t -  
lived in t e rmed ia t e s  in  such sys tems) .  
produced no effect  on the reac t ion  of 0 a toms  with CHI. 
N O  stream gave no evidence of any r a t e  changes.  
cantly enhances the formatlon of combustion products.  
t ively attr ibuted to the p r e s e n c e  of excited ( 'Ag)02 in  the system. 
CH, with OH rad ica l s  h a s  been studied a t  roon 
of 2.42 X cc /pa r t i c l e - sec .  
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Discharged 02, however, signifi- 
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temperature ,  yielding a r a t e  constant 

\ 

The  au tho r s  of th i s  pape r  are  deeply indebted to the  A m e r i c a n  G a s  Associa- 
tion for  their suppor t  in  th i s  work. 



160 

Table I. ACTIVATION ENERGIES 

Heat of Activation, kcal /  g- mole  

4 
1 1  
8-9  
8 

2 53 
2 58 
2 60 

Table 11. RATE CONSTANTS FOR REACTIONS AT 300°K 
cu cm/part i c l e -  sec 

k l  = Unknown 

k, 2 .06  X l o - "  

k3 = 1 .53  X 
k,, a s s u m e d  to be between 

k,, a s s u m e d  to be between 

kb- 2 X 

- l o - "  
- l o - "  

/ 
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Table IZI. ACTIVATION ENERGIES AND RATE CONSTANTS FOR HYDROCARBON- 
OXYGEN AND METHANE-OXYGEN REACTIONS (cc-mole-'- s e c - l )  

0 J 3 C g -  ) OA'Ag) W C g +  ) 
S p e c i e s  (Ground State) (Excited State) (Excited State) 

With H, 
58 kcal -mole- '  35 kcal -mole- '  20 kca l -mole - '  Ea 

k (300°K) 4 x 1 x io-" 1 x 10-6 

k (1000°K) 3 3 x io4 1 x 105 

W i t h  CHI 

Ea 5 7  34 19 
k (300°K) 6 X 4 x 10-14 2 x 10-6 

k (1000°K) 6 6 X 10' 5 x 106 

\ 
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LOG (01, arbitrary units 

0 
%l 
0 
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